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ABSTRACT 
The waste product resulting from the alumina refining process consists of residue sand 
and mud which is laid on bauxite residue disposal areas (RDAs). Once the RDAs have 
been effectively solar dried they are revegetated to minimise deep drainage and 
potential groundwater contamination. In this study, two RDAs located at Alcoa's 
Pinjarra refinery were seasonally monitored to determine the effects of irrigation on soil 
water availability and plant water use. Three experimental Blocks were established by 
Alcoa, each with an irrigated and unirrigated site. Since then, irrigation has been applied 
to the three treated sites to maintain the root zone water holding capacity throughout the 
dry months (October - April). Soil samples were collected at 0.25 m intervals to a 
maximum depth of 3 m and analysed for their gravimetric soil water content, soil water 
potential, soil particle size, pH and .electrical conductivity. Plant water potential, 
stomatal conductance and transpiration were measured for three species, Eucalyptus 
gomphocephala, Acacia cochlearis and Hardenbergia comptoniana. In addition, these 
measurements were also carried out at a native site for comparison between vegetation 
growing on the artificial RDAs, reliant solely on soil stored water and native vegetation, 
with access to deeper water sources. This study identified the RDAs to have sufficient 
soil water availability at both the irrigated and unirrigated sites to maintain seasonally 
high plant water potentials and contribute to only mild levels of plant water stress. All 
plants lowered their stomatal conductance in the dry months with the first rains of the 
wet season increasing stomatal activity and transpiration. Over the wet period, the 
unirrigated plants exhibited lower stomatal conductance and transpiration rates than 
irrigated plants, most likely due to their smaller leaf area. H comptoniana maintained 
the highest water potential of the three species, which may be attributed to significant 
leaf shedding in the dry months. This species also responded rapidly to the first rains 
with the establishment of new growth and higher rates of transpirational water losses 
through the wet period compared to E. gomphocephala and A. cochlearis. It appears that 
irrigation plays an important role in the rapid establishment of seedling biomass, 
however it has no significant effect on the level of water stress experienced by plants 
growing , on the RDAs. There is the possibility that the dense biomass and potential 
shallow rooting depth of plants growing on irrigated RDAs may reduce the ability of 
· plants to withstand natural summer drought once irrigation has ceased and therefore 
reduce the capability of vegetation to minimise deep drainage and potential groundwater 
contamination in the long-term. 
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1. Introduction 
Extensive mining in Australia for 150 years has earned the country a place among the 
top producers of minerals. It is acknowledged that mining is a temporary land use and 
the degraded landscape should be returned to a self sustaining state for continued use in 
the future (Bell, 1987; Environment Australia, 2002; Department of Industry, Tourism 
and Resources, 2006). The chemical and physical properties of disturbed and 
undisturbed soils and overburden need to be investigated to determine the capacity of 
the potential growth medium to support re-established vegetation (Bell, 1987, 1996; 
Ford & Langkamp, 1987; Ripley eta!., 1996). It is vital that a vegetation cover rapidly 
be established on the bare land to reduce chemical and nutrient leaching and to also 
minimise groundwater recharge and potential groundwater contamination. Success of 
newly established vegetation will depend significantly upon its ability to establish a root 
system comparable to the original stand in order to access moisture reserves in the soil 
profile. A study by Carbon et al., (1981a) on eucalypt plantations in bauxite mined 
areas in Jarrahdale, WA found that groundwater recharge would initially be higher in re-
planted eucalypt forests compared to the pre-mining native forests. Continued growth 
over 6-8 years increases the leaf area index to that of the original forest and as a result 
groundwater recharge would be equal to that of the pre-mining forest. 
In addition to mined areas, waste dumps from mineral processing are also a key focus of 
rehabilitation in the mining industry. Waste dumps consist of the material remaining 
once the mineral has been extracted and processed and can often be produced in higher 
quantities than the extracted mineral. For example, due to the relatively low grade of 
~~~~~~,~~'"'''''' bftttxi1te extracted from the Darling Range by Alcoa World Alumina, two dry tonnes of 
residue waste is produced per tonne of alumina (Ward et al., 1993; Blainey, 1997; 
Environ, 2003). Management of the residue waste utilizes a dry stacking technique, with 
the residue treated at the refinery, dried and further solar dried at the residue disposal 
areas (RDAs) for future revegetation (Ward et al. 1996; Williams, 1996; Environ, 
2003). The entire process produces a final dry density of approximately 70% solids on 
the ~As, which are comprised of a coarse residue sand fraction and a fine red mud 
fraction (Ward et al., 1996; Williams, 1996; Environ, 2003). The alternating residue 
, sand and red mud layers are then capped with a deep layer (1.5-5 m) of residue sand to 
favour revegetation (Gherardi & Rengel, 2000). The red mud layers are generally too 
hostile for plant gr~Wth due to high alkalinity and salinity and the majority of plant 
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roots are found in the top sand layer of RDAs (Wehr et al., 2006). Establishing a 
vegetation cover with deep-rooted species will help to remove excess water from the 
soil profile and prevent harmful properties in the red mud from being leached into the 
groundwater. In addition, the RDAs also need to have adequate soil water availability to 
support functioning vegetation capable of extracting soil water. The use of irrigation 
aims to increase soil water availability for plant use, however it can also contribute to 
deep drainage if plant water uptake is limited by shallow root distribution. The ability of 
plants to extract water from the soil profile is dependent upon their water potential in 
relation to the soil water potential, with the amount of water use exhibited by stomatal 
conductance and transpirational water loss. The following will further explore soil water 
availability in relation to plant water use and the significance of this knowledge in the 
prevention of deep drainage from bauxite RDAs at Alcoa's Pinjarra refinery. Selected 
species for monitoring will be represented in a native site for comparison with a mature 
stand. 
1.1 Soil water availability 
The movement and uptake of water in the soil profile is affected by its water content, 
with a wet soil containing water with high energy and free movement (Brady & Weil, 
1996). In a dry soil, the energy of water is considerably lower and is held tightly to the 
soil particles, constricting its movement. Soil water potential (\f'soil) is a result of 
gravitational, matric and osmotic forces and is dependent upon and proportionally 
related to soil water content, which varies with soil texture (Brady & Weil, 1996). o/soil 
significantly effects plant water availability as a plant can only extract water from areas 
of the soil profile which have a higher water potential compared to that of the plant 
(Larcher, 1995; Brady & Weil, 1996). Furthermore, water must be available in 
sufficient quantities as to facilitate root elongation and the continued growth of the 
plant. 
Plant water availability is affected by the physical characteristics of residue waste, 
primarily its particle size, texture, pore size and aggregation (Bell, 1996; Ripley eta!., 
1996). Organic matter, such as mulch is commonly used on minesite rehabilitation areas 
to increase nutrient levels and promote aggregation, thus increasing water infiltration 
and retention (Slatyer, 1967; Lee, 1986; Bell, 1996; Ripley et al., 1996). Particle size 
affects the nutrient and water holding capacity of the soil, with coarse textured soils 
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having limited capacity to retain water due to the large pore size and hence rapid 
drainage rates (Slatyer, 1967; Lee et al., 1986). Alcoa primarily uses the sand fraction of 
the bauxite residue as the chemical and physical properties of the finer red mud are 
more difficult to alleviate (Jasper et a!., 2000; Outback Ecology Services, 2006; 
Phillips, 2006). However, the predominately large particle size reduces the water 
holding capacity of the RDAs and can increase deep drainage. 
The chemical properties of the soil are more easily ameliorated than the physical 
properties, with techniques widely employed in the mining industry to ensure the root 
zone of the soil has a favourable pH and low salinity (Bell, 1996). Growth limiting 
factors must be alleviated to allow roots access to soil water and nutrients. Alkalinity 
and salinity is a result of high concentrations of sodium and other soluble salts, which 
reduces water availability, hydraulic conductivity and infiltration rates (Lee eta!., 1986; 
Brady & Weil, 1996). Saline soils also have reduced 'I'soil and can inhibit root 
elongation and distribution within the soil profile and therefore limit access to water and 
nutrients (Rendig & Taylor, 1989). The difficulty of establishing vegetation cover on 
bauxite RDAs is partly due to the chemical characteristics of high sodicity (i.e. high 
sodium concentration), salinity and alkalinity (Williams, 1996; Gherardi & Rengel, 
2000; Outback Ecology, 2006), which can be as high as pH 12 prior to treatment 
(Gherardi & Rengel, 2000, Phillips, 2006). The alkaline nature of the residue can inhibit 
successful re-establishment of vegetation. 
The most common amelioration technique to reduce alkalinity and salinity is the 
addition of gypsum, a neutral calcium salt (Bell, 1996; Brady & Weil, 1996; Rayner et 
-· -·~~~~~~.~~~.El~.l_l226; W(l.rdet al., 1996). An effective combination is the incorporation of gypsum 
and vegetation establishment, whereby the root channels created aid in the distribution 
of gypsum down the soil profile, with deep-rooted species able to increase water 
conductivity (Brady & Weil, 1996). Burgess et a!., (1998) suggested that plant roots aid 
in the hydraulic redistribution of soil water, facilitating root development in drier parts 
of the profile. Water uptake by vegetation on rehabilitated mine and waste areas also 
reduces the water content of the soil profile, helping to alleviate deep drainage (i.e. 
downward movement of water passed the root zone). Vegetation control or' deep 
. drainage can be counteracted by the use of irrigation if water applications exceed soil 
storage capacity and plant uptake (Seyfried, 2005). Irrigation is commonly used in the 
mining industry to aid in the establishment and growth of vegetation and also for its 
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contribution in leaching soluble salts and other harmful properties. Shallow plant roots 
unable to access a large volume of soil water will increase leaching and deep drainage 
of unused water remaining in the soil profile. 
1.2 Plant water relations 
Soil water availability affects the physiological behaviour of plants and their ability to 
remove excess water from the soil profile to eliminate deep drainage depends upon high 
rates oftranspirational water loss. A plant's stomata open to facilitate photosynthesis as 
soon as it is exposed to sunlight in the morning, resulting in water loss and consequently 
a reduction in leaf water content. As a result of this process, leaf water potential is 
lowered and the plant is forced to draw water from other parts of the plant tissues and 
the soil (Rendig & Taylor, 1989). Low transpiration rates at pre-dawn (PD) result in the 
highest plant water potential (\}'plant) with the lowest recorded at midday (MD) due to 
evaporative demand (Rendig & Taylor, 1989; Boyer, 1995). A water deficit develops 
when the plant extracts water from the soil, consequently reducing the soil water content 
and \}'soil. which in turn reduces the plant water content and \}'plant (Slatyer, 1967). Under 
conditions of low soil water availability, the stomata may close during midday to retain 
water at the time of greatest evaporative demand. In an unsaturated soil, \}'plant remains 
steady at low transpiration rates however declines sharply with high transpiration rates 
(Weatherley, 1982). By the late afternoon, the stomata begin to shut down and the plant 
is then able to rehydrate. Water deficiencies are equilibrated overnight to the extent that 
at dawn, it is expected that \}'soil;:::; \}'plant (Slatyer, 1967). The ability of a plant to fully 
rehydrate relies upon the soil water content and the \}'soil in the root zone (Schulze & 
Hall, 1982). At times of severe water stress, plants may close their stomata earlier in 
the day and rehydrate slower in the evening or perhaps not at all, resulting in a reduced 
PD \}'plant (Rendig & Taylor, 1989; Larcher, 1995). Thus the amount of water available 
in the soil profile has a significant effect on the extent to which \}'plant is decreased. 
Transpiration rates (E) are controlled by stomatal conductance (gsw), with the stomata 
opening as a response to heat, sunlight and humidity. Stomatal conductance is also 
closely related to \}'soil (Grace, 1986). Transpiration involves a trade-off, with stomata 
opening to cool the plant also resulting in water loss and a reduction in \}'plant to below 
pre-dawn values (Slatyer, 1967). Stomatal conductance varies throughout the day, 
starting at near to zero during the night, with a sharp increase after sunris~ followed by a 
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decline in the afternoon (Grace, 1986; Dodd & Bell1993a; Larcher, 1995; David et al., 
1997). A reduction in E through stomatal closure may be attributed to internal water 
deficit and/or meteorological conditions and can help replenish plant water content and 
prevent further desiccation (Slatyer, 1967). The process of "midday closure" allows 
plants to reduce E at the time of greatest evaporative demand, with the stomata able to 
remain closed all day in extreme conditions of low water availability (Slatyer, 1967). 
High transpiration rates at midday are indicative of minimal stomatal regulation and can 
significantly decrease \f' plant· In contrast, a water efficient plant will regulate water loss 
by reducing gsw (Mooney & Ehleringer, 1997). A study by Colquhoun et al., (1984) at 
rehabilitated bauxite mine sites near Jarrahdale, WA found Eucalyptus species with low 
water availability will tend to use water more efficiently than those with an abundance 
of available water by reducing their transpiration rate to conserve water and increase 
\f' plant• 
Differences in \f'plant between plants are generally due to variability in rooting depth and 
density, along with the regulation of transpiration (Schulze & Hall, 1982). A high 
surface area of active roots allows for a greater rate of water uptake from the soil profile 
and hence a reduction of deep drainage. Intensive root systems increase the active root 
surface through the dense growth of fibrous roots with extensive deep rooting systems 
capable of accessing a greater volume of soil moisture (Dodd et al., 1984). Shallow 
rooting species are known to rely primarily on shallow soil moisture reserves via their 
intensive lateral roots (Dodd et al., 1984). Plants with shallow roots generally 
experience large water deficits characteristic of low PD \f' plant in the dry summer months 
due to low rainfall and hence low soil moisture content in the surface soils (Crombie et 
~"-~"M~-~~- -Mal.,M1988; Dodd & Bell, 1993a; Castillo et al., 2002). White et al., (2000) has observed 
large seasonal fluctuations in PD \f' plant as a response to varying soil water content for 
Eucalyptus platypus and E. leucoxylon planted in south-west W A. A significant 
reduction in E and leaf water content allows shallow rooted species to tolerate low \f'soil 
in summer (Groom, 2004), with the onset of winter rains bringing rapid recovery (Dodd 
et al., 1984; Castillo et a!., 2002; Eberbach & Burrows, 2006). The restricted root 
distribution of shallow rooted species increases percolation of water through the soil 
profile and increases the risk of deep drainage. 
Plant species with medium and deep rooting depths experience less severe water deficits 
by accessing moistu;e deeper in the soil profile. Species with a medium rooting depth 
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are forced to compete for water with deep rooted species in the drier months, which can 
limit their water availability (Groom, 2004). Water stress for these species follows a 
similar pattern to that of shallow rooted species, however to a lesser extent (Dodd, et al., 
1984). Deep rooted species tolerate summer water deficits by exhibiting strict stomatal 
control of transpiration (Dodd et al., 1984; Groom, 2004). Narrow variation in plant 
water deficits during times of low and high water availability are indicative of a deeper 
soil water supply being accessed by the roots (Doley, 1967; Eberbach & Burrows, 2006; 
Otieno eta!., 2006). Water stress exhibited in deep rooted species generally occurs later 
and slower than shallow rooted species, however similar levels of stress can be attained 
once soil moisture reserves are exhausted (Dodd et dl., 1984; Crombie eta!., 1988). 
Deep rooted species classed as phreatophytes exhibit little water stress and are able to 
maintain relatively high rates of gsw and E by drawing on groundwater during the drier 
periods (Dodd et al., 1984; Dodd & Bell, 1993b; Dawson & Pate, 1996; White et al., 
2000; Veneklaas & Poot, 2003). White eta!., (2000) observed little seasonal variation in 
PD \}'plant for E. camaldulensis and E. saligna, an indication that they were extracting 
water from the capillary fringe of the water table. A study by Dawson & Pate (1996) 
found phreatophytic plants of dimorphic root morphology vary in their predominant 
water source, with surface water primarily being utilized in the wet season and a greater 
dependence on water at depth during summer. Tap-rooted species and species with an 
extensive lateral root system are characteristic of a more xeric environment where 
surface soil water is limited (Dodd et al., 1984; Grace, 1986). The ability of xeric 
species to control deep drainage is reliant upon their rooting system being deep and 
dense enough to extract all water percolating down the soil profile and their ability to 
generate and maintain low soil water potentials at depth for extended periods (Seyfried 
et al., 2005). Robinson et a!., (2006) found mallee eucalypt roots were able to extract 
water from depths of 8-10 m after 7 years of planting in the south-west agricultural zone 
of W A. The lateral hydrological influence resulted in an extended dry soil zone acting 
as a barrier to groundwater recharge and minimising the risk of salinisation. The same 
extrapolation could be made for the importance of revegetating bauxite RDAs, whereby 
plant water uptake by deep rooted species can significantly decrease the risk of leaching 
and contamination ofthe groundwater. 
The water available for runoff and groundwater recharge can be reduced with an 
increase in plant biomass resulting in higher levels of evapotranspiration. Reducing the 
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total leaf area of the plant lowers evapotranspiration and consequently increases runoff 
and groundwater recharge. Evergreen eucalypts which retain their biomass have the 
capacity to exploit a large volume of soil and are able to maintain relatively high E 
throughout dry periods (Carbon et al., 1981b). Water stress is avoided by evergreen 
species through the development of a deep rooting system which is able to reach more 
moisture reserves in the soil profile and may even access groundwater sources (Schulze, 
1982). Drought deciduous species have a shallow root system and tolerate water stress 
through leaf shedding, allowing these plants to grow in very dry areas with irregular 
rainfall (Schulze, 1982). The leaves of fast growing plants generally have a short life 
span with high photosynthetic capacity and low water use efficiency (Mooney & 
Ehleringer, 1997). On the other hand, slower growing plants retain their leaves for 
longer and simply reduce their photosynthetic capacity during the dry periods to retain 
water (Mooney & Ehleringer, 1997). The leaf area index of planted eucalypt forests 
following bauxite mining has been found to be greater than that of the pre-mining forest 
(Carbon et al., 1981a). Comparable transpiration rates resulted in greater soil water 
depletion during drought periods with no excessive water stress apparent. Greater 
biomass of vegetation growing on RDAs will increase plant water use and therefore 
extract larger quantities of water and hence minimise deep drainage. 
1.3 Hydrological concerns ofresidue disposal areas 
This study was conducted at Alcoa's Pinjarra refinery, which lies above three 
significant aquifers that may be affected by groundwater contamination from the 
refinery and RDAs; a superficial aquifer, the Leederville aquifer and the Cattamarra 
aquifer. The superficial aquifer is predominantly recharged by rainfall infiltration and 
~,~,"~~~,,~~-~,~,~~''''''' 
groundwater discharges. The top part of the aquifer near the RDAs is dominated by a 
low permeability clay formation, which forms a vital barrier to vertical and horizontal 
groundwater flow. The Leederville aquifer is generally recharged from leakage of the 
overlying superficial formations with the Cattamarra aquifer also recharged from the 
leakage of the superficial aquifer as well as the Leederville aquifer (Parsons 
Brinckerhoff, 2003 cited in Environ, 2003). 
Groundwater contamination remains an issue at Alcoa's Pinjarra refinery due to the 
relatively high portion of water retained in the soil of the RDAs (~50%) (Alcoa, 2006; 
Environ, 2003). There is continued concern that the high water content will facilitate 
7 
leaching of harmful chemicals into the groundwater supply (Blainey, 1997). To 
minimise the risk of groundwater contamination, the disposal areas are lined with a clay 
layer and a synthetic liner along with under drainage systems which collect residue 
leachate and rainfall infiltration (Ward et a!., 1996; Williams, 1996; Blainey, 1997; 
Environ, 2003; Alcoa, 2006). The rapid establishment of a vegetation cover on the 
RDAs reduces the water content in the soil profile and minimises leaching of water and 
chemicals into the groundwater. To assess groundwater levels and quality, Alcoa 
monitors 300 bores every six months in the refinery, RDAs, surrounding farmland and 
throughout the region. Groundwater quality is also currently monitored at 41 locations 
below the refinery and is assessed measuring pH, electrical conductivity, sodium: 
chloride ratio and methyl alkalinity (Alcoa, 2006; Environ, 2003). Parsons Brinckerhoff 
(2003) cited in Environ (2003) have demonstrated little discernible evidence of 
groundwater contamination in the superficial aquifer due to the refinery and RDAs and 
no impact on the Leederville or Cattamarra aquifer. 
Successful revegetation on the RDAs will contribute to Alcoa's water management 
strategies by decreasing deep drainage in the soil profile through plant water uptake 
therefore reducing the risk of groundwater contamination. One of the major constraints 
affecting long-term vegetation survival on rehabilitated RDAs is associated with their 
typically shallow rooting depth. The subsoil of the RDAs can also have higher bulk 
densities, pH levels and sodium concentrations compared to the surface soil, thus 
restricting root growth to depth and limiting water availability (Jasper et a!., 2000; 
Eastham & Morald, 2004). Perhaps the most significant growth limiting factor is the 
lack of fine particles in the residue sand which results in low water holding capacity 
(Slatyer, 1967; Lee et al., 1986; Gherardi & Rengel, 2000; Phillips, 2006). The 
incorporation of gypsum in the residue sand decreases pH levels, but has not been found 
to have an affect on the water retention properties of the soil (Eastham & Morald, 
2004). However, it is possible that a lower pH provides a more favourable edaphic 
environment for plants and encourages root distribution at depth, potentially increasing 
the volume of rhizosphere and therefore available water. 
A common technique used to mitigate limitations in water availability, particularly at 
times of plant water stress (i.e. summer), is irrigation. This is employed by Alcoa to aid 
in the establishment of vegetation on all newly rehabilitated RDAs and reduce mortality 
due to drought during the early establishment phase. The application of adequate water 
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may also leach alkalinity and salinity from the residue sand, providing a more 
favourable growth medium for vegetation. Little research has been conducted that 
conclusively demonstrates the benefit of irrigation to vegetation establishment and 
longer-term survival on the RDAs (Phillips, 2006). Botanical monitoring one year after 
rehabilitation began on selected RDAs at Alcoa's Pinjarra refinery has shown that 
irrigated sites have a greater vegetation cover and tree height compared to unirrigated 
sites, however no difference in mortality was observed (Narducci, 2006). 
The question remains, whether vegetation which establishes under irrigated conditions 
is self sustaining in the absence of irrigation in the long-term due to the possible 
development of shallow roots. To-date, Phillips (2006) has observed a decline in the 
visual health and quality of vegetation cover on irrigated rehabilitated RDAs, two to 
three years after irrigation ceases, which is thought to be a direct result of the poor water 
retention properties of the residue sand causing water and nutrient stress, along with a 
limited root distribution at depth. Irrigation applied during the seedling establishment 
phase can increase plant biomass and cause shallow roots to develop, which may be 
unsustainable under natural drought conditions in summer. Root excavations of plants 
.growing on selected RDAs at Alcoa's Kwinana refinery has shown that root 
development is limited to areas of residue sand in the topsoil (Ward et al., 1993). 
Larcher (1995) reports that growth and spread of roots is impeded in shallow and wet 
soils, which is the primary cause of poor water supply to the plants. Shallow rooting 
systems will reduce the capacity of vegetation growing on the RDAs to take up 
sufficient quantities of water to reduce deep drainage in the long-term. 
~" ~" "_, -~~~1.7/""~~7Significcmce and aims of this study 
It has been outlined that the key growth limiting factor ofRDAs lies within the edaphic 
characteristics, primarily poor water holding capacity which affects water uptake and 
use by the plants growing on these areas. Recommendations have been made to further 
examine the water relations of vegetation growing on Alcoa's bauxite RDAs (Outback 
Ecology Services, 2006; Phillips, 2006) in order to determine the contribution of 
irrigation to the success or otherwise of long-term rehabilitation. This study investigates 
the water availability of rehabilitated RDAs at Alcoa's Pinjarra refinery and water use 
by selected plants, thus addressing the role of revegetation in reducing potential 
groundwater contam~nation on these RDAs. Published literature of plant water relations 
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studies on bauxite RDAs has not been found and there are problems in relating studies 
in natural areas and rehabilitated mined areas to RDAs as the soil medium is artificial 
with altered physical and chemical properties. It is anticipated that soil water 
availability of the RDAs and the physiological behaviour of plants growing on these 
areas will be significantly different to native areas .. 
Part of Alcoa's rehabilitation goal outlines the importance of creating a self sustaining 
ecosystem which can eventually be incorporated into the surrounding environment. As 
such, the water relations of selected plants at a native site located within Y algorup 
National Park will also be assessed and compared to that of the RDAs. It has been noted 
that there are inherent problems in comparing RDAs with native sites and differences 
are expected in physical and chemical properties of the soil, however Y algorup can 
effectively be used as a reference site for species selection. It is anticipated that the 
results obtained on the plant water relations of three selected species will provide 
preliminary data on the likelihood of plant establishment and long-term survival in the 
absence of irrigation on rehabilitated RDAs at Alcoa's Pinjarra refinery. 
The specific research objectives of the study are to; 
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1. Assess and compare the seasonal soil water availability at irrigated and 
unirrigated rehabilitated bauxite RDAs at Alcoa's Pinjarra refinery. 
2. Assess and compare the plant water relations response of selected species 
growing on irrigated and unirrigated rehabilitated bauxite RDAs at Alcoa's 
Pinjarra refinery. 
3. Compare the seasonal water availability and plant water relations response of 
selected species growing on rehabilitated bauxite RDAs at Alcoa's Pinjarra 
refinery to the same species growing in a native site. 
2. Materials and Methods 
2.1 Site description 
The study area is located at Alcoa's Pinjarra refinery, 6 km east of the town ofPinjarra 
and 90 km south of Perth. Constructed in 1972, PinJarra is one of three Alcoa refineries 
in Western Australia and produces 7.8 Mt of alumina each year (Environ 2003; Alcoa, 
2006). Through the refining process, approximately 18,000 t of residue is pumped to the 
disposal areas each day (Environ, 2003). Strict environmental conditions ensure the 
continued operations at Pinjarra, many specific to the management of the bauxite RDAs. 
I 
Among these are the Pinjarra Environmental Improvement Plan (EIP 2006-07), the 
Five-year Mine Plan, the Long-term Residue Management Plan (LTRMP), community 
consultation with the Residue Planning Liaison Group (RPLG), the Stakeholder 
Reference Group (SRG) and the C9mmunity Consultative Network (CCN) (Environ, 
2003; Alcoa, 2006). The LTRMP outlines measures to reduce potential groundwater 
contamination, which includes the use of multiple liners, underdrainage for seepage 
recovery and groundwater quality monitoring (Environ, 2003). 
The study sites were located on two of Pinjarra's bauxite RDAs, which were 
mechanically placed at different times. RDA5 was made in 1993 and 1996 and RDA4 
was made in 1994 and 1995 (Fig 2.1). Three separate Blocks on these RDAs were set up 
by Alcoa as experimental trials to investigate the effect of irrigation. Block 1 is located 
on RDA5 sloping to the south and Block 2 and 3 are on RDA4, sloping south west. 
Block 1 is 50m wide by 60m long and Block 2 and 3 are 50m by 50m (Fig. 2.3). Alcoa 
incorporated 225 tlha gypsum into the residue sand at 1.5 m deep. All Blocks were 
~"~" ~~revegetated in June 2005 and half of each Block continues to receive irrigation during 
summer whilst the other half receives no irrigation. 
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Figure 2.1 Site location of Alcoa's Pinjarra refinery and Yalgorup National Park, Dawesville (Source: Google Earth, unpublished image, 2007). The 
Pinjarra refmery aerial photograph shows the specific location of the irrigated and unirrigated sites at Block 1 on RDA5 and Block 2 -and 3 on RDA4 
(Source: Alcoa, unpublished images, 2007). 1 
To assess the performance of rehabilitated minesites, analogue sites of native vegetation 
representative of the desired end point of rehabilitation are widely used as benchmarks 
(Tongway et al., 2003). An appropriate analogue site needs to have similar physical and 
chemical characteristics to the minesite and be self-sustaining. The plant species found 
at the analogue site should be used to determine the species suitable for establishment at 
the rehabilitation site (Tongway et al., 2003). DOITR (2006) acknowledge the inherent 
problems in using analogue sites as comparative targets for minesite rehabilitation as the 
form and function of the landscape has been completely altered from its natural state. 
However, the analogue sites should still be used to assess factors which may impact 
upon the success of rehabilitation. Jasper et al. (2000) recommended natural soil 
analogues of bauxite residue sand be identified and the associated vegetation 
communities be used as a target for residue rehabilitation. It was also outlined that 
potential analogues should have alkaline soils with increasing cementation at depth, 
representing the shallow soil profile, of the residue sand. These recommendations were 
employed in a study by Outback Ecology Services (2006), whereby the physical and 
chemical characteristics of the soil were measured at potential analogue sites to identify 
the site most similar to Alcoa's bauxite RDAs. The solum depth (depth to limestone in 
this case) was also measured at each site as the residue sand layers are commonly 2 m 
deep. The more compacted mud layers below this depth are presumed to have 
unfavourable physical and chemical characteristics for plant growth. Therefore, plant 
species adapted to growing in a soil medium of 2 m or less may have a higher chance or 
survival on the RDAs. The study by Outback Ecology (2006) determined Yalgorup 
National Park (site YPOl) as being most similar to the residue sites and as such, in this 
study, areas within Yalgorup were sampled to compare the plant water relations to the 
~ ~JIDA sites (Fig 2.2). 
13 
~ 
YALGORUP 
NATIONAL PARK 
20~ 
HARVEY 
ESTUARY 
Figure 2.2 Site location of the three sample areas adjacent to White Hills Road within Yalgorup National Park, Dawesville (Source: Portlock et al., 
1995). 
Yalgorup National Park, located approximately 50km south of Mandurah, runs from 
Dawesville to north of Bunbury and lies within the Quindalup and Spearwood dune 
systems. In this study, areas within Yalgorup that were previously sampled by Outback 
Ecology (2006) were used to select common species between the RDAs and Yalgorup. 
Areas adjacent to White Hills Road were also sampled to compare the plant water 
relations of selected species with the RDA sites. A direct comparison can not be made 
between the two different areas as the artificial RDAs will have different physical and 
chemical soil characteristics, including an expected difference in soil water availability. 
In addition, further difficulties in comparing the plant water relations exist in the 
different ages of the well-established vegetation at Y algorup, compared to the two year 
old vegetation at the RDAs. 
2. 2 Treatment 
The irrigation system used on the RDAs consists of four horizontal rows of pipes 12 m 
apart with riser sprinklers every 9m. Each sprinkler has a radius of 9 m, which causes 
some areas to receive 2 to 3 times more water than others. The sprinkler system 
constructed in such a way as to create a buffer of 20 m between the irrigated and 
unirrigated sites. Alcoa uses a measure of rootzone water holding capacity as a trigger 
value to determine when irrigation is required. Irrigation is scheduled when the 
cumulative water deficit is equal to the rootzone water holding capacity (20.4 mm from 
October 2005 -April 2006; 42.7 mm from October 2006 -April 2007). Rootzone water 
holding capacity is monitored and required irrigation is scheduled in the experimental 
sites throughout summer from October to April (Table 2.1 ). Discrepancies in 
applications occurred in January 2007 when irrigation was used as a means of fire 
control. A large wildfire burnt through the Dwellingup region and reached areas within 
Block 3 on RDA4. The fire did not burn any vegetation on the sample sites, however it 
did reach the site adjacent to the irrigated site of Block 3 on the 26th January. Prior to 
this, the irrigation at Block 3 was turned on, however the pipe was melted in the fire-
effected site shortly after. As a result, it is not known how long Block 3 was irrigated, 
however, it is thought to be only a few hours. Upon this discovery the next day, the 
irrigation was turned on at Block 2 to prevent further spread of the fire at Block 3. The 
irrigation continued for approximately 52 hours and was turned off immediately prior to 
sampling. 
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Table 2.1 Irrigation schedule for all treated sites on RDA4 and RDA5. 
Application date Site Duration 
21112/05 All Blocks 3 hours 
9/1/06 All Blocks 3 hours 
8/2/06 All Blocks 3 hours 
24/2/06 All Blocks 3 hours 
9/3/06 All Blocks 3 hours 
29/3/06 All Blocks 3 hours 
12/11/06 All Blocks 4 hours 
13/11/06 All Blocks 2 hours 
23/12/06 All Blocks 6 hours 
26/1/07 Block 3 (irrigated for fire control, Unknown 
reticulation pipes melted in adjacent site) 
27-29/1/07 Block 2 (irrigated for fire control) 52 hours 
7/2/07 Block 1 6 hours 
16/2/07 Block 3 (pipe repaired) 6 hours 
21/3/07 All Blocks 6 hours 
2. 3 Species selection 
The three plant species monitored in this study are Acacia cochlearis, Eucalyptus 
gomphocephala and Hardenbergia comptoniana. Species of different growth forms and 
rooting depths were monitored to account for any variation in their response to water 
(Boyer, 1995) i.e. a tree species (E. gomphocephala), a shrub species (A. cochlearis) 
and a climber (H comptoniana). Within each irrigated and unirrigated site, three 
replicates of each species were sampled, resulting in a total of nine plants per site (Fig. 
2.3). This equates to a total of 54 plants being monitored at the Alcoa RDA sites at each 
sampling period. The selected plants were located approximately mid slope and near the 
centre of the site to ensure no interference from the adjacent irrigated/unirrigated site. 
Three separate areas were sampled within Y algorup National Park due to the occurrence 
of the three species in different areas. A. cochlearis was only found closer to the coast, 
whereas E. gomphocephala and H comptoniana were located further inland. During site 
set up in Jaimary, individuals of H comptoniana with sufficient growth for sampling 
were not found in the one area and therefore selected species were located on opposite 
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sides of White Hills Road. Five replicates of each species were monitored, with a total 
of 15 plants being sampled at the analogue site. 
BLOCK 1 (RDAS) 
50m 
1 
Irrigated Unirrigated 
3 species 3 species 
3 replicates 3 replicates 
s per species per species 0 
1.0 
n=9 n=9 
BLOCK 2 (RDA4) BLOCK 3 (RDA4) 
50m 50m 
1 
Irrigated Unirrigated 
1 
Irrigated Unirrigated 
3 species 3 species 3 species 3 species 
3 replicates 3 replicates 3 replicates 3 replicates 
s per species per species s per species per species 0 0 
lrl lrl 
n=9 n=9 n=9 n=9 
Figure 2.3 Site design for Alcoa RDA sites revegetated in June 2005. Three replicates of 
E. gomphocephala, A. cochlearis and H comptoniana were monitored at each of the 
three treatment sites. 
2. 4 Sample periods 
Seasonal monitoring was undertaken to identify annual patterns in soil water availability 
and plant water use, with changes expected from the dry to wet period. Sites were 
established in early December 2006 followed by two dry sampling periods (week 3-5, 
13 and 15), one sampling period at the break of season (week 17) and two wet sampling 
periods (week 23 and 29). Specifically, the five sample periods were carried out 
between; the 16-171h at the RDA sites with soil collection on the 291h January and the 
24-251h January at Yalgorup; the 26-281h March at the RDA sites and the 11th April at 
Yalgorup; the 23-261h April at all sites; the 4-ih June at all sites; and the 16-191h July at 
all sites. Non-consecutive sampling days in the dry periods was due to time constraints. 
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2. 5 Meteorological data 
The Peel region experiences a Mediterranean climate with warm, dry summers and cool, 
wet winters. On average, the region experiences a mean maximum temperature of 23 ac 
and a minimum of 12.4°C and receives 882.2 mm of rainfall annually (Bureau of 
Meteorology, 2007). Daily weather patterns associated with the sampling periods at the 
Alcoa RDA sites were obtained from the meteorological stations located at the Pinjarra 
refinery. In addition to this an ASSMAN aspirated psychrometer was used to measure 
the relative humidity at each site at each sampling period except in January when the 
psychrometer was not yet attained. The vapour pressure deficit (VPD) was then 
calculated using the following formula: 
VPD (Kpa) = [(100- relative humidity)/100] x saturated vapour pressure 
2. 6 Soil collection and analysis 
Soil samples were collected using a hand auger, to a minimum of 1 m below the surface 
at 0.25 m intervals. The maximum depth reached at each sampling period varied, with 
deeper samples of up to 3 m reached by April (Table 2.2). Time constraints and the 
inability to auger dry and very sandy soil prevented samples being collected at greater 
depths at all sites and at all sampling periods. All soil samples collected were stored in a 
30 ml screw top container and immediately frozen until analysis was carried out. 
Table 2.2 Maximum depth of soil collected at the RDA irrigated (I) and unirrigated (UI) 
sites and Y algorup on each of the five sampling periods. 
Maximum depth collected (m) 
Site January March/early April April June July 
Block 1 I 1 0.9 3 3 3 
Block 1 UI 1 1 1.5 1.5 3 
Block2 I 2 1 1.75 3 3 
Block2 UI 1 2.5 1 1.75 3 
Block3 I 1 1 1.5 3 3 
Block3 UI 1 1 1 3 3 
Yalgorup 1.25 1.5 2 2.5 2.75 
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2. 6.1 Soil water potential 
'f'soil (MPa) was measured for each soil sample collected at each sampling period to 
determine the energy status of the water in the soil. 'I' soil was measured by equilibration 
of an enclosed soil sample to determine the relative air vapour pressure after vapour 
equilibration is reached (Slatyer, 1967). The 'f'soil for each sample was analysed using a 
WP4-T Dewpoint Potentiameter (Decagon Devices, Inc). A small amount of soil was 
placed in a sample cup, ensuring the cup was less than half filled. Sample temperature 
and chamber temperature were equilibrated prior to measuring. 
2. 6. 2 Gravimetric soil water content 
A simple and direct measure of soil water content (SWC) is the mass of water 
associated with a given mass of soil. The gravimetric method was used to measure soil 
moisture content (%) for each soil sainple collected at each sampling period to account 
for temporal and spatial variability. Field samples were weighed and then oven-dried at 
1 05°C for 48 hrs. Dried samples were re-weighed and the gravimetric SWC was 
determined using the following formula: 
%gravimetric SWC =[(field wt- dry wt)/dry wt] X 100 
2. 6. 3 Soil particle size analysis 
The texture of a soil can affect its water potential and water content, whereby a clay soil 
has a higher water potential than a loam or a sandy soil due to the greater surface area 
per unit volume of soil (Rendig & Taylor, 1989). A high proportion of clay particles in a 
soil medium can hold a large volume of water, with as much as half held so tightly that 
it is unavailable to plants (Brady & Weil, 1996). Particle size analysis was carried out 
on each soil depth reached at each site to identify the relevant soil texture to infer water 
holding capacity of the soil. A combination of sieving and the hydrometer method was 
carried out using the following steps to identify the proportion (%) of soil which was 
made up of coarse sand, fine sand, silt and clay. Firstly, the organic matter was removed 
by adding 60 ml of deionised (DI) water to 10 g of soil and boiling the solution down to 
30-40 mls. 100 ml of 6 % hydrogen peroxide was then added and boiled down to 50 
mls. A dispersing solution was made with 50 g of sodium hexametaphosphate and 7 g 
of anhydrous sodium·carbonate in 11 of water. The soil solution was made up to 250 ml 
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in a screw top container with 10 ml of dispersing solution added. The solution was 
placed on an orbital shaker for 15 mins. The soil solution was then poured through a 
0.063 mm sieve into a 500 ml measuring cylinder and the remaining residue sand was 
oven-dried at 105 °C for 48 hrs. The dried sand was poured into a 0.25 mm sieve resting 
in a 0.063 mm sieve which was in its receiving cup. The sieves were put on a 
mechanical shaker for 15 mins to separate the sand into coarse and fine particles. The 
coarse sand in the 0.25 mm sieve was then weighed separately to the fine sand in the 
0.063 mm sieve. 
A blank solution was made up in a 500 ml measuring cylinder by diluting 10 ml of 
dispersing solution to 500 ml. The soil solution remaining after sieving was made up to 
500 ml with DI water in the measuring cylinder and stirred for one minute. A 
hydrometer and temperature reading was taken after 40 sec to determine the mass of silt 
and clay in suspension. The soluti'on was allowed to stand for at least two hours and 
after this time a second hydrometer and temperature reading was taken to determine the 
mass of clay in suspension. A reading for the blank solution was also taken at each time. 
Each reading was temperature corrected, that is 0.2 g r1 was added for every degree 
above 19.5°C or subtracted for every degree below 19.5°C. The following calculations 
were performed to determine the mass of silt and clay in the soil solution: 
Mass of silt+ clay (g)= (temp. corrected 40 sec reading- temp. corrected blank 40 sec 
reading) x vol (1) 
Mass of clay (g)= (temp. corrected 2 hr reading- temp. corrected blank 2 hr reading) x 
vol (1) 
Mass of silt (g) = (silt+ clay wt)- clay wt 
%particle in soil sample = (particle wt/total soil sample wt) x 100 
2. 6. 4 Soil pH and electrical conductivity 
Unfavourable soil pH can impede root distribution at depth and thus limit the amount of 
water available for plant uptake. The electrical conductivity (EC) of soil is 
representative of its soluble salt concentration, whereby EC is inversely related to soil 
water potential (Rendig & Taylor, 1989). Soil pH and EC (!JS cm-1) were measured in a 
1:5 water extract for each soil sample collected at each sampling period. The solutions 
were placed on an orbital shaker for 10 mins and then allowed to settle for 15 mins. EC 
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was then measured using a conductivity meter. The solutions were re-shaken for five 
minutes and the pH measured on disturbed solutions using a pH meter. A second pH 
reading was measured with the addition of 0.5 ml of 1 M CaClz in each solution which 
displaces the H+ ions and gives a more accurate pH reading. 
2. 7 Plant water potential 
Pre-dawn 'Pplant can be related to 'Psoih which is a reflection ofthe water available to the 
plant in the soil profile (Rendig & Taylor, 1989). 'Pplant (MPa) was determined for each 
plant to compare with 'Psoil in order to identify the soil depth(s) in which the plants are 
able to extract water from. Seasonal measurements of 'P plant allows for the identification 
of any temporal change in water availability from different depths of the soil profile. 
'P plant was used to assess plant water status, whereby a lower xylem pressure potential 
reading (i.e. a more negative reading) indicates possible plant water stress (Slatyer, 
1967). The pressure chamber technique was used to measure the xylem pressure 
potential of leafy twig cuttings from each plant (Scholander et al., 1965). Xylem 
pressure potential was measured up to three hours pre-dawn and repeated at midday 
from 11:00 to 14:00 to assess the diurnal variation in 'Pplant· Leafy shoot clippings up to 
15 em in length were collected from each plant and transferred to a humidified 
environment in a zip lock bag to reduce evaporation. The samples were stored in an 
esky prior to measuring for no longer than 15 mins at pre-dawn sampling and 7 mins at 
midday sampling in order to keep exposure to a minimum, as this has the potential to 
decrease 'Pplant (Scholander et al., 1965). 
2. 8 Stomatal conductance and transpiration rates 
Stomatal conductance (mmol m-2 s-1) and transpiration rates (mmol m-2 s-1) were 
measured to identify the conductance of the plant to water vapour loss. Leaf gas 
exchange was measured using a steady state null balance porometer (LI 1600, Li-Cor), 
which holds the humidity constant by balancing the water vapour being lost from the 
leaf with a flow of dry air into the chamber (Beardsell et al., 1972; Pearcy et al., 1989). 
Measurements were obtained diurnally, beginning with pre-dawn 'Pplant sampling. Leaf 
gas exchange was measured four times throughout the day for each plant, to account for 
diurnal variation, beginning at approximately 8:30, 11:00, 13:30 and 16:00. Sampling 
days were clear and sunny, with the exception of June sampling when it was overcast. 
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2. 9 Cation analysis 
Nutrient and cation analysis was carried out to detect any nutrient deficiencies which 
may be limiting plant growth on the RDAs. The monitored plants and two additional 
plants of each species at each irrigated and unirrigated site were analysed. 
Approximately 5 g of new growth leaves were coll~cted from each plantand oven-dried 
at 60°C for 48 hrs. The samples were then sent to CSBP for analysis of total nitrogen, 
phosphorous, potassium, sulphur, sodium, calcium and magnesium 
2.10 Data analysis 
For all plant variables measured, the mean and standard error of species replicates at 
each site were used to produce graphs and the mean was used for statistical analysis. 
Using SPSS software v.14.0 a two-way analysis of variance (AN OVA) was performed 
to determine any significant difference between treatment and species and their 
interaction in relation to PD "tJ'plant. mean daily E and mean daily gsw at each sampling 
period. A one-way ANOV A was conducted to detect any difference between treatment 
in the plant composition of total nitrogen, phosphorous, potassium, sulphur, sodium, 
calcium and magnesium for each species. Soil data collected were graphed and 
statistically analysed in 0.25 m intervals, with the mean for the three treatment sites 
used to create graphs and the individual site data used for statistical analysis. Resulting 
temporal and spatial trends may potentially be influenced by the deeper samples 
collected in June and July (3 m) compared to January, March and April (~1-1.5 m). 
Gravimetric soil water content and "tJ'soil data collected from the irrigated site of Block 2 
in January has been excluded from the calculations and graphs due to the continuous 
irrigation immediately prior to sampling. One-way ANOVAs were carried out to 
statistically compare soil gravimetric water content, "tJ'soil, pH (CaCh) and EC between 
treatments at 0.25 m intervals in the soil profile at each sampling period. 
Prior to performing ANOV A, normality of distribution was tested using the Shapiro-
Wilks W test and homogeneity of variance tested using Levene's test. When normality 
and/or homogeneity of variance assumptions were violated, data were transformed most 
commonly using a natural log (ln) transformation. Other, less frequent transformations 
applied when ln was not appropriate were ln reflection, square root (--.J) reflection and 
reciprocal transformations (1/x, 1/(x+ 1 ). If a significant site and/or species difference 
was-identified, a Post hoc comparison was performed using Tukey's HSD test. When 
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transformations failed to produce normally distributed data and/or homogenous data, a 
non-parametric Scheirer-Ray-Hare test was carried out in place of a two-way ANOVA 
(Dytham, 1999; Sokal & Rohlf, 1995) and the Mann-Whitney U test was performed in 
place of a one-way ANOV A. The Scheirer-Ray-Hare test was carried out on 'I' plant. E 
and g5w in June to statistically analysis any difference between treatment and species. A 
Mann-Whitney U test was conducted to test for a statistical difference between 
treatments for the following soil parameters; EC in July, soil depth range 2.5-2.75 m; 
pH (CaCh) in March, soil depth range 0.25-0.5 m and 2.75-3.0 m; and gravimetric 
SWC in January, soil depth range 0-0.25 m. 
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3. Results 
3.1 Climatic conditions 
Temperature and rainfall at the Pinjarra refinery and Mandurah region over the 
sampling period shows a pattern characteristic of a Mediterranean climate. The total 
rainfall received at the Pinjarra refinery between January and July 2007 was 469.4 mm, 
with the Mandurah region receiving 398.4 mm (BOM, 2007; Fig. 3.1). Negligible 
rainfall was received between January and March, with the Pinjarra refinery receiving 
45.2 mm and 30.6 mm received in the Mandurah region. Break of season rains occurred 
in mid April with 87.8 mm of rainfall received over the month at the Pinjarra refinery 
and 46 mm received in the Mandurah region. Rainfall received in June and July was 
comparable for the Pinjarra refinery and the Mandurah region, 266.4 mm and 260.6 
mm, respectively. Mean daily VPD, was highest in March and April, with the RDA sites 
experiencing a higher deficit than Yalgorup (Fig. 3 .2). The onset of rainfall in June and 
July reduced the VPD at the RDA sites with Y algorup remaining relatively constant 
over the entire study period. 
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Figure 3.1 Total monthly rainfall (mm) for the Mandurah region and Alcoa's Pinjarra 
refinery and mean monthly maximum (.6.) and minimum ( o) temperature (°C) for the 
Mandurah region over the study period. 
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Figure 3.2 Diurnal vapour pressure deficit (Kpa) recorded on the day of diurnal plant 
gas exchange sampling at a) Alcoa, Pinjarra RDA sites b) Yalgorup National Park. 
Sampling occurred on sunny days with clear skies, except in June at the RDA sites 
when there was thick cloud cover all·day. The psychrometer was not available to record 
data in January. 
3. 2 Soil description 
Cross-sectional diagrams carried out by Bunbury Engineering Surveys for Alcoa show 
the compositional make-up of each RDA site (Fig. 3.3). The diagrams show a clay seal 
overlayed by alternating mud and sand layers and an underdrain system at all sites. The 
main differences between each Block are in the number of sand and mud layers and 
their relative position in the RDA profile. For example, Block 1 (Fig. 3.3a) which is 
located on RDA5 has four mud layers compared to Block 2 (Fig. 3.3b) and 3 (Fig. 3.3c) 
on RDA4 which only have one and two mud layer(s), respectively. The irrigated and 
unirrigated sites of each Block are the same with the major differences between the two 
RDAs and the three Blocks. It is unlikely that the soil profile differences has affected 
the results obtained from soil samples in this study as sampling was carried out 
approximately mid-slope at each site, primarily in the sand layer of the RDAs. 
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Figure 3.3b Cross-section profile ofRDA4 Block 2 irrigated (a) and unirrigated (b) site. RL=reduced leveL (Source: Bunbury Engineering Surveys for 
Alcoa of Australia, unpublished images, 2007). 
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Alcoa of Australia, unpublished images, 2007). 
All sites have a surface layer of woodchip mulch ~5 em thick sourced from nearby 
jarrah forest to increase organic content and aid in water infiltration. The soil is red in 
colour and has a sand texture which begins to feel more clayey at 2. 75 m. Field 
sampling observed the potential presence of roots up to 2.75 m deep, with a compacted 
layer apparent between 1.5-2 m. This compacted layer is comparable to the presence of 
limestone below 1.5 m deep at Yalgorup. Roots are present up to 1.75 m deep at 
Y algroup, although it is expected that many root systems would be reaching further 
depths. The soil at Yalgorup has a higher surface organic content consisting primarily of 
root matter and leaf litter compared to the RDA sites. The soil texture is much finer at 
Yalgorup and is light grey-brown in colour, changing to a dark yellow at depth. 
Particle size analysis determined the soil profile at all RDA sites to be comprised 
primarily of coarse (38.0-50.9 %) and fine sand particles (34.2-45.3 %) (Fig. 3.4). Silt 
content was negligible (1.1-3.5 %) with clay content ranging from 11.9-15.5 %. A small 
proportion of fine particles indicate a relatively low water holding capacity which could 
potentially limit plant water availability in the surface soil. The cross-sectional diagrams 
show that the RDA profiles are heterogeneous with spatial variation potentially 
effecting the particle size composition. For example, the soil texture of the irrigated site 
at Block 3 felt finer compared to the other sites in March, but not at any other time. 
Thus, particle size composition can vary depending upon the location of soil sampling. 
The soil at Y algorup consists mostly of fine sand ( 65.8 %) with the coarse sand fraction 
notably lower than the RDAs by ~ 20 %, allowing the soil at Yalgorup to potentially 
retain more water in the root zone compared to the RDAs. Similar contents of silt and 
clay were found at the RDA sites and Yalgorup, however the proportion of clay 
particles shows an increasing trend to depth at Y algorup, indicating a potentially higher 
water holding capacity than the RDAs below 2 m deep. 
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Figure 3.4 Soil particle size composition of a 3 m sample collected at 0.25 m intervals 
from a) RDA5 Block 1 b) RDA4 Block 2 c) RDA4 Block 3. Yalgorup (d) is the mean 
soil particle size ofthree soil cores collected to a depth of2.75 mat 0.25 m intervals at 
three separate areas. Particle size classes were classified as coarse sand (2000-200 !-liD), 
fine sand (200-60 !-liD), silt (60-2 !-liD) and clay (<2 !-liD). 
The application of gypsum has significantly reduced the pH from 12 to <8.5 at the 
irrigated and unirrigated sites. pH levels at the RDA sites are unlikely to be limiting root 
distribution to depth and hence do not appear to be affecting plant growth and survival. 
There was very little temporal and spatial variation with no significant difference in pH 
between treatments at each depth sampled at each of the five sampling periods (Fig. 
3.5}. The irrigated sites ranged from pH 7.61 ± 0.03 in March to pH 8.23 ± 0.07 in July 
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with the unirrigated sites ranging from pH 7.63 ± 0.05 in April to pH 8.14 ± 0.05 in July 
(Appendix 1a). On average, the surface soil layer (i.e. 0-1.0 m) has the lowest pH with 
an increasing trend to depth. One exception is the irrigated sites in April, which 
experienced the lowest average pH of 7.24 ± 0.53 between 1.25-1.5 m. The RDAs are 
on average more alkaline than the slightly acidic soil at Y algorup which ranged from 
6.94 ± 0.13 to 7.39 ± 0.11. 
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Figure 3.5 Mean(± SE, n=3) soil pH (CaCh) at the three irrigated and unirrigated RDA 
sites to 3m deep and Yalgorup to a depth of 2.75 min a) March/early April b) June. 
The soil profiles at the three irrigated and unirrigated sites are non-saline i.e. EC <4000 
~-tS cm-1 (Brady & Weil, 1996), indicative of a favourable soil medium for root and plant 
growth. No consistent temporal trend was observed and no statistical differences were 
found in EC between the irrigated and unirrigated sites at each sampling period (Fig. 
3.6). One exception is in June when the soil EC at the irrigated sites was significantly 
higher than the unirrigated sites at a depth of 1.25-1.5 m (P=0.025; Appendix 2a). The 
greatest variation was observed in the top 1.5 m, with a consistent decreasing trend to 
depth. Over the sampling period, the EC at the irrigated sites ranged from 1094 ~-tS cm-1 
± 305 in March to 394 ~-tS cm-1 ± 132 in June, with the unirrigated sites ranging from 
800 ·~-tS cm-1 ± 172 in April to 407.~-tS cm-1 ± 72 in January (Appendix 1 b). The average 
EC of the soil profile at the RDAs is noticeably higher than Yalgorup which remained 
constant over time and through the soil profile, with a narrow range of 58 ~-tS cm-1 ± 10 
to 73 ~S cm-1 ± 9.· 
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Figure 3.6 Mean(± SE, n=3) soil electrical conductivity (J..lS cm-1) at the three irrigated 
and unirrigated RDA sites to 3m ,deep and Yalgorup to a depth of 2.75 m in a) 
March/early April b) June. One-way ANOV A on In transformed data showed a 
statistical difference between treatments in June, soil depth range 1.25-1.5 m (df=1,5; 
F=12.256; sig=0.025). 
As expected the gravimetric soil water content of the irrigated and unirrigated sites 
increased over the sampling period corresponding with the increase in rainfall from 
April to July (Fig. 3.7). Regardless of receiving higher quantities of water throughout 
the dry periods, the irrigated sites did not have higher soil water contents than the 
unirrigated sites, with no significant difference detected at a:ny depth at each of the five 
sample periods. The irrigated sites do however appear to respond more rapidly to an 
increase in rainfall, with a more distinct wetting front percolating the soil profile 
compared to the unirrigated sites in April (average SWC of 5.5% ± 0.4 and 4.3% ± 0.5, 
respectively). An unexpected result was found in March when the unirrigated site of 
Block 2 had a much higher SWC than any of the irrigated sites, though ANOV A 
showed no statistical difference between treatments. Interestingly, the unirrigated sites 
had a slightly higher average SWC in January and March (2.6% ± 0.3 and 3.3 % ± 0.5, 
respectively) compared to the irrigated sites (2.3 % ± 0.3 and 2.2% ± 0.6, respectively), 
though no statistical difference was detected. This could be a result of the plants 
growing on the unirrigated sites using less water and hence conserving soil water 
through the dry periods. By June, both treatments had comparable soil water contents, 
with a drier patch observed between 1-2 m. This dry zone may indicate high root water 
uptake·in this soil zorie and/or could be due to the compacted layer observed in the field. 
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In June and July, the irrigated sites had a slightly higher average SWC (7.1 % ± 0.3 and 
8.2 % ± 0.5, respectively) compared to the unirrigated sites (6.7 % ± 0.5 and 7.5 % ± 
0.243, respectively). Both the irrigated and unirrigated RDA sites had a higher average 
SWC than Yalgorup, which ranged from 1.7% ± 0.1 in January to 6.1 % ± 0.8 in July. 
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Figure 3.7 Mean (n=3) gravimetric soil water content(%) up to 3m deep over the five sample periods at the a) irrigated sites b) unirrigated sites and c) 
Yalgorup. NB: Unirrigated data in March was collected for Block 2 only. 
Low soil water potentials ( < -1.5 MPa) in the top 1m of soil (lowest in the surface layer 
0.25 m deep) indicatf}hat soil water in this part of the profile was unavailable for plant 
uptake in January at the irrigated and unirrigated sites (Fig. 3.8). A similar pattern was 
also found at Yalgorup, however the surface water potential was slightly higher. Water 
potentials in March showed a similar trend to January, however, the surface layer had a 
slightly higher water potential, comparable for the irrigated and unirrigated sites. 
Deeper. soil samples collected from the unirrigated site at Block 2 had higher water 
potentials, increasing to a maximum of -0.31 MPa between 1. 75-2.0 m. The 'Psoil in late 
April varied less at Y algorup, again with the surface layer having a slightly higher water 
potential. 
The break of season rains in April increases the 'Psoit in the top 1m of soil at the irrigated 
and unirrigated, increasing water availability to shallow roots ( -0.64 MPa ± 0.13 and -
1.42 MPa ± 0.32, respectively). Soil water potential for the unirrigated sites rapidly 
decreased between 0.5-0.75 m deep where it then remained relatively constant to depth. 
The irrigated sites showed a less rapid reduction in 'Psoib decreasing gradually to 1.0 m 
and then fluctuating to depth. In April the irrigated sites had a higher 'Psoil through the 
whole profile, reflective of the higher SWC and was statistically higher than the 
unirrigated sites between 0.5-0.75 m (P=0.048; Appendix 2a) and 0.75-1.0 m (P=0.041; 
Appendix 2a). At Yalgorup, 'Psoil remained constantly lower to depth compared to the 
RDA sites, most likely due to less rainfall being received prior to sampling. Less 
difference was observed within and between the irrigated and unirrigated sites in June, 
especially in the top 1m (-0.40 MPa ± 0.02 and -0.27 MPa ± 0.03, respectively). 
Unexpectedly, the unirrigated sites had a slightly higher 'Psoil than the irrigated sites in 
the top 1m of soil and also deeper between 1. 75-2.5 m, although no statistical differenct: 
was observed at these depths. This result is in contrast to the slightly lower SWC at the 
unirrigated sites compared to the irrigated sites and may be affected by less plant water 
extraction reducing 'Psoil· Water potential remained fairly constant to depth in June with 
a rapid decline and consequent recovery between 1-1.5 m, reflecting the drier soil zone 
observed between 1-2 m deep. The low water potential between 1.25-1.5 m was 
significantly more pronounced in the unirrigated sites compared to the irrigated sites 
(P=0.038; Appendix 2a). At Yalgorup, the 'Psoil in June varied more than the RDA sites 
and remained consistently lower with a decreasing trend to depth. By July, 'Psoil at both 
the irrigated and unirrigated sites was consistent to depth, with no significant difference 
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between the two treatments. All soil water stored up to 3m deep in July was potentially 
available to plants growing on the RDAs (mean \)!soil for the irrigated sites was -0.54 
MPa ± 0.02 and -0.51 MPa ± 0.02 for the unirrigated sites). Large fluctuations in \)!soil 
continued to occur at Y algorup, with the water potential on average lower than the RDA 
sites. 
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Figure 3.8 Mean (n=3) soil water potential (MPa) at the three irrigated and unirrigated RDA sites to 3m deep and Yalgorup to a depth of 2.75 min a) 
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Water held in the top 1m of soil at the irrigated and unirrigated sites was typically 
unavailable for plant extraction during the dry period, with low soil water potentials 
below standard permanent wilting point (-1.5 MPa) prevailing until April (Fig. 3.9). 
Over the dry months of January and March, plants must have been using soil water 
below this depth, however no data were collected below 1 m at the irrigated sites to 
support this. In contrast, water was potentially available to plants below 1 m at the 
unirrigated sites in March. This assumption can not be made in April due to lack of 
sampling, however plants were most likely using surface water in the top 0.25 m or 
deeper sources below 1.5 mas \fsoil was below -1.5 MPa between 0.5-1.5 m. This zone 
of unavailable water was reduced by June, with soil water held between 1.25-1.5 m the 
only area within the sampled 3 m soil profile that was typically unavailable to plants. In 
contrast, plants were able to use all water in the 3 m soil profile at the irrigated sites by 
April, with the possible exception of2.5-2.75 m which was not sampled. It is likely that 
the plants at Yalgorup are relying on water sources deeper than the 2. 75 m sampled with 
soil water potentials below -1.5 MPa dominating over the study period. It is not until 
July that the surface soil above 0.75 m deep holds water that is potentially available for 
plant use. In January, there was a small zone of available water between 1-1.5 m, 
however no further samples were collected to determine if water was available for plant 
use below this depth. 
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Figure 3.9 Mean (n=3) soil water potential (MPa) up to 3m deep over the five sample periods at the a) irrigated sites b) unirrigated sites and c) 
Yalgorup to 2.75 m deep. Two sampling periods occurred in April at Yalgorup, one in early April (dry period) and one in late April (break of 
season). Areas shaded in red have a soil water potential below -1.5 MPa and represent water which is classified as unavailable for plant uptake 
(i.e. standard permanent wilting point). NB: Unirrigated data in March was collected for Block 2 only. 
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3.3 Nutrient concentrations 
The foliar composition(%) of total nitrogen, phosphorous, potassium, sulphur, sodium, 
calcium and magnesium for E. gomphocephala, A. cochlearis and H comptoniana 
showed an expected difference between species (Table 3.1). Nutrient compositions are 
comparable for the plants growing on the RDAs and in Yalgorup National Park. One-
way ANOV A detected no significant difference in the nutrient composition between 
irrigated and unirrigated plants for each of the three species (Appendix 3). Therefore, it 
is assumed that any differences in plant physiological behaviour detected between 
treatments can be attributed to water availability on the RDAs and the plant extraction 
of this available water. 
Table 3.1 Mean nutrient concentrations (%) of total nitrogen (N), phosphorous (P), 
potassium (K), sulphur (S), sodium (Na), calcium (Ca) and magnesium (Mg) for E. 
gomphocephala (E.g.), A. cochlearis (A.c.) and H comptoniana (He.) at the three 
irrigated (n=15) and unirrigated (n=15) RDA sites and within Yalgorup National Park 
(n=5). 
Irrigated Unirrigated Yalgorup 
(%) E.g. A. c. H. c. E.g. A. c. H. c. E.g. A. c. H. c. 
N 1.68 2.55 3.84 1.74 2.78 3.95 0.96 1.39 3.89 
p 0.17 0.20 0.31 0.16 0.22 0.31 0.09 0.20 0.28 
K 0.90 1.31 2.53 0.83 1.3.0 2.46 0.65 0.40 2.58 
s 0.22 0.29 0.32 0.27 0.31 0.32 0.14 0.12 0.25 
Na 0.29 0.12 0.13 0.29 0.16 0.20 0.31 0.27 0.11 
Ca 0.99 1.51 1.02 1.14 1.53 0.95 1.28 2.55 1.11 
Mg 0.11 . 0.18 0.14 0.10 0.12 0.12 0.18 0.28 0.22 
3.4 Plant water relations 
PD 'I' plant remained constantly high over the five sample periods between treatment and 
species and does not appear to be affected by irrigation (Fig. 3.10). These results 
indicate that the monitored plants of E. gomphocephala, A. cochlearis and H 
comptoniana growing on the irrigated and unirrigated RDA sites are not subject to 
water stress at times of low water availability. A statistical difference was observed in 
PD 'I'plant between species in January and July (P<0.001 and P<0.001) (Table 3.2) when 
PD 'I' plant was highest for the climber H comptoniana than for the shrub A. cochlearis 
(P<0.001 and P<O.OOl) and the tree E. gomphocephala (P=0.048 and P=0.001). PD 
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\f'plant in January was also significantly higher for E. gomphocephala than A. cochlearis 
(P<O.OOl). An interaction was detected between treatment and species for PD \f'plant in 
March, indicating that a difference between treatment may also· be affected by a 
difference amongst species (P=O.Oll; Table 3.1). PD \f'plant measurements at Yalgorup 
followed a similar trend to the RDA sites, however. lower PD levels were reached in 
June for all species. 
Of the three species, the shrub A. cochlearis showed the greatest seasonal variation 
ranging between -0.18 MPa ± 0.025 in January to -0.05 MPa ± 0.006 in June for the 
irrigated plants and then decreasing again in July to -0.09 MPa ± 0.009. The unirrigated 
plants showed a similar trend in PD \f'plant and were only slightly lower in January and 
June. The shrub A. cochlearis most likely has a shallow rooting system restricting 
access to soil water, thus resulting in lower PD \f'plant in the dry season and greater 
seasonal fluctuations in water potential compared to the other two species. 
The lowest PD \f' plant for E. gomphocephala at the irrigated sites was observed in March 
and July (-0.08 MPa ± 0.007 and -0.08 MPa ± 0.009, respectively). The unirrigated 
plants reached their lowest water potentials in April (-0.08 MPa ± 0.006), reflecting the 
low \f'soil prevailing deeper than 0.5m. The highest PD \f'plant at both the irrigated and 
unirrigated sites was observed in June (-0.04 MPa ± 0.007 and -0.03 MPa ± 0.003, 
respectively). An extensive rooting system of this tree species most likely provides 
access to deeper soil moisture reserves when surface water is limiting, thus allowing E. 
gomphocephala to maintain relatively high water potentials in the dry periods. 
H comptoniana had comparable PD 'f' plant at both the irrigated and unirrigated sites 
with the lowest. water potentials reached in March for the unirrigated plants and April 
for the irrigated plants (range between -0.07 MPa ± 0.013 to -0.02 MPa ± 0.002 and 
between -0.07 MPa ± 0.005 to -0.03 MPa ± 0.004, respectively). This is an interesting 
result considering the relatively high \f'soil found at each of these times. The creeper H 
comptoniana was able to maintain relatively high levels of PD \f' plant over the sampling 
period, indicating access to a sufficient volume of soil water, most likely through an 
extensive rooting system. 
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Figure 3.10 Mean(± SE) pre-dawn (PD) and midday (MD) plant water potential (MPa) 
at the three irrigated (I, n=:=9) and unirrigated (UI, n=9) RDA sites and Y algorup (Y al, 
n=5) for a) E. gomphocephala b) A. cochlearis c) H comptoniana. 
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Table 3.2 Two-way ANOVA results comparing differences between treatment, species 
(E. gomphocephala, A. cochlearis and H comptoniana) and the interaction of treatment 
and species for mean (n=3) pre-dawn plant water potential (PD \}'plant), mean (n=3) 
daily stomatal conductance (gsw) and mean (n=3) daily transpiration (E) January, March, 
April and July. Values assigned ns signifies no significant difference. + signifies ln 
transformation performed. 
Parameter Sample df F Sig. 
J!eriod 
PD 'l'plant(MPa) Jan+ Treatment 1,17 2.296 0.156 ns 
Species 2,17 41.180 0.000 
Treatment* Species 2,17 0.752 0.492 ns 
Mar + Treatment 1,17 1.793 0.205 ns 
Species 2,17 3.599 0.060 ns 
Treatment * Species 2,17 6.044 0.015 
Apr Treatment 1,17 0.833 0.379 ns 
Species 2,17 2.533 0.121 ns 
Treatment * Species 2,17 0.133 0.876 ns 
Jul Treatment 1,17 0.381 0.549 ns 
Species 2,17 20.667 0.000 
Treatment * Species 2,17 0.667 0.531 ns 
g5w (mmolm-2s-1) Jan+ Treatment 1,17 4.485 0.056 ns 
Species 2,17 3.811 0.052 ns 
Treatment * Species 2,17 0.039 0.962 ns 
Mar Treatment 1,17 0.178 0.681 ns 
Species 2,17 0.402 0.678 ns 
Treatment * Species 2,17 0.217 0.808 ns 
Apr Treatment 1,17 17.410 0.001 
Species 2,17 18.005 0.000 
Treatment* Species 2,17 0.797 0.473 ns 
Jul Treatment 1,17 1.272 0.281 ns 
Species 2,17 23.933 0.000 
Treatment* Species 2,17 0.010 0.990 ns 
E (mmolm-2s-1) Jan Treatment 1,17 3.285 0.095 ns 
Species 2,17 2.918 0.093 ns 
Treatment * Species 2,17 0.028 0.973 ns 
Mar Treatment 1,17 0.118 0.737 ns 
Species 2,17 0.488 0.626 ns 
Treatment * Species 2,17 0.210 0.814 ns 
Apr+ Treatment 1,17 15.988 0.002 
Species 2,17 18.809 0.000 
Treatment * Species 2,17 0.073 0.930 ns 
Jul Treatment 1,17 0.372 0.553 ns 
Species 2,17 13.560 0.001 
Treatment * Species 2,17 0.175 0.841 ns 
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Table 3.3 Non-parametric Scheirer-Ray-Hare results comparing differences between 
treatment, species (E. gomphocephala, A. cochlearis and H comptoniana) and the 
interaction of treatment and species for mean (n=3) pre-dawn plant water potential (PD 
\}/plant), mean (n=3) daily stomatal conductance (g5w) and mean (n=3)daily transpiration 
(E) in June. Values assigned ns signifies no significant difference. 
Parameter 
PD 'Pplant(MPa) 
( I -2 -1) gsw mmo m s 
Treatment 
Species 
Treatment * species 
Treatment 
Species 
Treatment* Species 
Treatment 
Species 
Treatment * Species 
df 
1,17 
2,17 
2,17 
1,17 
2,17 
2,17 
1,17 
2,17 
2,17 
SS/MStotal Sig. 
0.029 0.864 ns 
2.144 0.342 ns 
0.452 0.798 ns 
0.054 0.816 ns 
2.179 0.336 ns 
0.119 0.942 ns 
0.101 0.751 ns 
1.986 0.371 ns 
0.083 0.959 ns 
MD \}/plant did not decrease greatly from PD values, indicating that even at times of high 
evaporative demand, irrigated and unirrigated plants of E. gomphocephala, A. 
cochlearis and H comptoniana did not experience water stress over the study period 
(Fig. 3.10). As for PD \}/plant the least temporal variation in MD \}/plant of the three 
species was observed for the creeper H comptoniana, indicating that at times of low 
water availability and high evaporative demand, this species is able to retain water. MD 
\}/plant for the irrigated plants remained relatively constant over the five sample periods 
with a slight increase in June (range between -0.24 MPa ± 0.042 in January to -0.09 
MPa ± 0.010 in July). The unirrigated plants experienced lower MD \}/plant than irrigated 
plants in March (-0.41 MPa ± 0.121 and -0.23 MPa ± 0.035, respectively), however a 
recovery to irrigated levels was evident by April. At Y algorup, MD \}/plant for H 
comptoniana was comparable to the irrigated sites in January and March, with a 
reduction in April and a gradual recovery by July. 
The greatest temporal variation in MD \}/plant was observed for the tree E. 
gomphocephala with the lowest water potentials reached in March more apparent at the 
irrigated sites than the unirrigated sites (-1.42 MPa ± 0.274 and -0.97 MPa ± 0.241, 
respectively). This result indicates that unirrigated plants are able to retain more water 
than irrigated plants at times of low water availability and evaporative demand. A rapid 
recovery in MD \}/plant was observed for E. gomphocephala in April, with a continual 
increase to June {irrigated -0.15 MPa ± 0.019 and unirrigated -0.10 MPa ± 0.034). This 
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pattern of recovery was similar in A. cochlearis, however MD 'f'ptant were not as low in 
April compared to E. gomphocephala (range between -0.95 MPa± 0.195 and -0.15 MPa 
± 0.018 for the irrigated sites and -0.69 MPa ± 0.106 to -0.19 MPa ± 0.029 for the 
unirrigated sites). MD 'f'ptant for this shrub species was lower for the irrigated plants in 
January and March, comparable to E. gomphocephala, indicating the ability of 
unirrigated A. cochlearis plants to retain water. MD 'f'ptant for E. gomphocephala and A. 
cochlearis at Yalgorup showed a slower recovery after March. 
Stomatal closure was evident for the monitored plants of E. gomphocephala, A. 
cochlearis and H comptoniana throughout the day in the dry periods (January and 
March) at the RDA sites, reflecting increasing VPD throughout the day (Fig 3.11; Fig 
3.2). By closing their stomata, these species are able to reduce water loss and maintain 
relatively high PD 'f' plant at times of low water availability and high evaporative demand. 
No difference was detected between treatment or species at this time with gsw remaining 
below 51 mmol m-2 s-1 over the whole day. Stomatal conductance at Yalgorup also 
remained comparatively low during these periods. 
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Figure 3.lla Mean(± SE) diurnal stomatal conductance (mmol m-2 s-1) for E. gomphocephala at the three irrigated (n=9) and unirrigated (n=9) RDA 
sites and Yalgorup (n=5) in a) January b) March/early April c) April d) June e) July. 
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Figure 3.1lb Mean(± SE) diurnal stomatal conductance (mmol m-2 s-1) for A. cochlearis for the three irrigated (n=9) and unirrigated (n=9) RDA sites 
and Yalgorup (n=5) in a) January b) March/early April c) April d) June e) July. 
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Figure 3.11c Mean(± SE) diurnal stomatal conductance (mmol m-2 s-1) for H comptoniana for the three irrigated (n=9) and unirrigated (n=9) RDA 
sites and Yalgorup (n=5) in a) January b) March/early April c) April d) June e) July. 
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The onset of rains in April increased diurnal stomatal conductance for all species and 
were maintained throughout the wet period in June and July. The increase in gsw was 
more pronounced for the irrigated plants than the unirrigated plants, indicating greater 
water use efficiency for unirrigated plants. Mid morning and midday was the time of 
greatest stomatal conductance with a gradual decline over the afternoon when VPD was 
highest. In April mean daily gsw for the irrigated plants was significantly higher than the 
unirrigated plants (P=0.001) with a difference also detected between species (P<0.001) 
(Table 3.2). Mean daily gsw for the creeper H comptoniana (irrigated 188.80 mmolm-2s· 
1 ± 17.40, unirrigated 127.57 mmol m·2 s·1 ± 13.63; Fig. 3.1lc) was significantly greater 
than the tree E. gomphocephala (P=0.001; irrigated 107.24 mmol m·2 s·1 ± 11.43, 
unirrigated 77.59 mmol m·2 s·1 ±. 8.12; Fig. 3.11a) and the shrub A. cochlearis (P=0.001; 
irrigated 111.03 mmol m·2 s·1 ± 11.06, unirrigated 71.30 mmol m·2 s·1 ± 7.58; Fig. 
3.1lb). Stomatal conductance at Yalgorup was lower than the RDA sites but still 
followed a similar trend for E. gomphocephala and H comptoniana, with gsw for A. 
cochlearis remaining higher over the midday period and then decreasing in the late 
afternoon. 
In June, gsw was highest in the morning for all species with a gradual decline at midday, 
where it then remained relatively constant through the afternoon. Stomatal conductance 
at Y algorup showed the opposite trend with a peak at midday and then a gradual 
decline. Conflicting patterns in gsw between the two areas could be due to the cloudy 
weather conditions at the RDA sites on the day of sampling causing a decrease in VPD 
to midday with a consequent increase in the late afternoon (Fig. 3.2). In comparison, 
sunny conditions were experienced at Y algorup with an increase in VPD to midday 
followed by a slight reduction. Stomatal conductance for all species in July was highest 
in the morning and gradually decreased over the day, with a statistical difference 
observed in mean daily gsw between species (P<0.001; Table 3.2). Mean daily gsw for 
the shrub A. cochlearis (irrigated 94.13 mmol m·2 s·1 ± 4.90, unirrigated 77.45 mmol m·2 
s·
1 ± 11.53) was significantly lower than E. gomphocephala (P=0.001; irrigated 185.62 
mmol m·2 s·1 ± 29.15, unirrigated 169.91 mmol m·2 s·1 ± 24.17) and H comptoniana 
(P<0.001; irrigated 225.37 mmol m·2 s·1 ± 33.47, unirrigated 204.64 mmol m·2 s·1 ± 
29.81). Similar trends were evident at Yalgorup in July with gsw for E. gomphocephala 
and H comptoniana remaining lower than the RDA sites. 
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Transpiration rates followed closely the pattern of stomatal conductance for E. 
gomphocephala, A. cochlearis and H comptoniana. Stomatal closure in January and 
March resulted in low diurnal transpiration rates which remained below 1.410 mmol m-2 
s-1 over the whole day for all species (Fig. 3.12). There was no statistical difference 
apparent between the irrigated and unirrigated sites at these times. Transpiration rates at 
Y algorup also remained low at these times, however an afternoon increase was slightly 
more pronounced in March compared to the RDA sites, reflective of a lower VPD (Fig. 
3.2). 
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Figure 3.12a Mean(± SE) diurnal transpiration (mmol m-2 s-1) for E. gornphocephala for the three irrigated (n=9) and unirrigated (n=9) RDA sites and 
Yalgorup (n=5) in a) January b) March/early April c) April d) June e) July. 
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Figure 3.12b Mean (± SE) diurnal transpiration (mm.ol m-2 s-1) for A. cochlearis for the three irrigated (n=9) and unirrigated (n=9) RDA sites and 
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Figure 3_12c Mean(± SE) diurnal transpiration (mmol m-2 s-1) for H comptoniana for the three irrigated (n=9) and unirrigated (n=9) RDA sites and 
Yalgorup (n=S) in a) January b) March/early April c) April d) June e) July_ 
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Increased gsw in April allowed for an increase in diurnal E which peaked at midday and 
gradually declined in the afternoon. In April mean daily E was significantly higher at 
the irrigated sites compared to the unirrigated sites (P=0.002), with a statistical 
difference also detected between species (P<0.001) (Table 3.2). Mean daily E was 
significantly higher for the creeper H comptoniana (irrigated 2.277 mmol m·2 s·1 ± 
0.246, unirrigated 1.754 mmol m"2s·1 ± 0.213; Fig. 3.12c) than the tree E. 
gomphocephala (P=0.001; irrigated 1.401 mmol m·2 s·1 ± 0.175, unirrigated 1.012 mmol 
m·2 s·1 ± 0.110; Fig. 3.12a) and the shrub A. cochlearis (P<0.001; irrigated 1.352 mmol 
m·2 s·1 ± 0.153, unirrigated 0.955 mmol m·2 s·1 ± 0.113; Fig. 3.12b). Transpiration rates 
at Yalgorup followed a similar diurnal trend, however the increase seen at the RDA 
sites for E. gomphocephala and H comptoniana was less pronounced. 
Prevailing weather conditions in June most likely resulted in lower transpiration rates 
than expected at the RDA sites. This could also account for the different trend compared 
to April and July, with all species peaking in the morning and declining over the day. A 
second peak was evident for the tree E. gomphocephala, but more so in the creeper H 
comptoniana. Transpiration rates at Y algorup peaked at midday and gradually declined 
in the afternoon for all species. 
Transpiration rates in July diurnally increase and peak at 14 00 for H comptoniana and 
A. cochlearis. The afternoon decline is more pronounced in H comptoniana as E is 
higher earlier in the day. E. gomphocephala shows a different trend in E between 
treatments whereby the irrigated sites peak in the morning and gradually decline in the 
afternoon. However, the unirrigated sites peak at midday before declining. No statistical 
difference in mean daily E was detected between treatments however there was a 
significant difference between species (P=0.001; Table 3.2). Mean daily E was 
significantly lower for A. cochlearis (irrigated 1.092 mmol m·2 s·1 ± 0.157, unirrigated 
0.894 mmol m·2 s·1 ± 0.131) than E. gomphocephala (P=0.006; irrigated 2.087 mmol m· 
2 
s·
1 
± 0.280, unirrigated 2.134 mmol m·2 s·1 ± 0.304) and H comptoniana (P=0.001; 
irrigated 2.553 mmol m·2 s·1 ± 0.367, unirrigated 2.274 mmol m·2 s·1 ± 0.324). 
Transpiration rates at Y algorup were relatively constant throughout the day with E. 
gomphocephala and H comptoniana transpiring at considerably lower rates than the 
RDA sites. 
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4. Discussion 
4.1 Soil physical, chemical and water availability properties 
Soil pH and conductivity at the irrigated and unirrigated RDA sites are in a favourable 
range for successful plant establishment and growth; The lowest pH was found in the 
surface soil layers with an increasing trend to a maximum depth of 3 m. Conversely, the 
EC was highest and most variable in the surface layers above 1.5 m. This is reflective of 
the deep gypsum application at 1.5 m deep having the most effect on soil above the 
zone of incorporation. Previous studies on RDAs at the Pinjarra and Kwinana refinery 
have found comparable pH levels with an increasing trend to depth, as was found in this 
study (Eastham & Morald, 2004; Eastham & Mullins, 2004; Keipert, 2005; Wilkinson, 
2005). Measurements of EC in this study were markedly lower than previous recordings 
by up to 150 mS m-1, however decrea~ing trends to 3m deep were still apparent. Keipert 
(2005); Wilkinson (2005) determined this trend to be a result of irrigation continually 
leaching soluble chemicals and salts over time. The lower measurements recorded in 
this study are most likely a consequence of leaching over time, however can not be 
attributed to the leaching effect of irrigation, with comparable measurements also 
obtained from the unirrigated sites. 
Soil water availability was measured in this study to determine if irrigation increases the 
volume of soil water available to plants growing on the RDAs. Overall, no difference in 
soil water availability was detected between the irrigated and unirrigated sites over the 
five sampling periods, despite the irrigated sites receiving additional amounts of water 
throughout the dry season. Irrigation was applied to replenish the rootzone water-
holding capacity approximately every three weeks, however rapid drainage of the sandy 
soil may be limiting the volume of water held in the surface soil layers. It is possible 
that the soil water content could be increasing at depth, however no samples were 
collected deeper than 1 m in the dry period, so it can not be conclusively determined if 
irrigation increases soil water content at depths greater than 1 min summer. In contrast, 
Nativ et al., (1999) reported soil water content to remain stable to a depth of 3 m with · 
continued irrigation in the field, however steady decreases in soil water content were 
observed in the absence of irrigation. However, this experiment was in loess soil with a 
high proportion of silt particles and hence a higher water holding capacity than the 
RDAs which are c.ofl.lprised primarily of coarse sand particles. In addition, water that 
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was lost in the top 90 em was replenished every two weeks by flooding, compared to 
every three weeks at the RDAs. It is possible that irrigation applied more frequently and 
intensively may significantly increase the soil water content of the RDAs for a longer 
period of time. 
Greater biomass at the irrigated sites compared to the unirrigated sites may increase the 
plant extraction rate of soil water as reflected by the higher transpiration rates of 
unirrigated plants and therefore counteract the additional inputs. Whilst biomass of the 
monitored plants was not measured in this study, botanical monitoring by Alcoa has 
recorded higher biomass at the irrigated sites compared to the unirrigated sites (M. 
LeRoy, personal communication). A low leaf area has been found to limit maximum 
transpiration rates per plant and hence reduce plant water use (Carbon et al., 198lb; 
Veneklaas & Poot, 2003; Eberbach & Burrows, 2006). The slightly higher soil water 
content at the unirrigated sites compared to the irrigated sites in January and March 
supports this, however samples deeper than 1 m were only collected from the 
unirrigated site of Block 2 and not at any of the irrigated sites. Unequal sampling depths 
make it difficult to infer that the unirrigated sites had a higher soil water content 
compared to the irrigated sites in March. More frequent soil moisture logging, rather 
than seasonal soil sampling conducted in this study, would better detect any differences 
in soil water content between the irrigated and unirrigated sites immediately following 
irrigation. It is possible that these differences are being masked by the rapid drainage of 
the surface soil layers. Seasonal soil sampling was not able to detect if, at any time, the 
irrigated sites had a higher soil water content than the unirrigated sites and it is possible 
that irrigated plants, with their dense biomass, may be extracting water from the soil 
profile faster than plants at the unirrigated sites. 
No data were obtained on the rooting systems of the monitored species and the root 
distributions of E. gomphocephala, A. cochlearis and H comptoniana can only be 
inferred based on the PD \}'plant, gsw and E. Root excavations by Alcoa have found that a 
high proportion of root mass (>80 %) on the selected RDAs is contained within the top 
0.3 m of soil, with some roots extending to 1.5 m (I. Phillips, personal communication). 
Below this depth, roots appear to be moving in a horizontal direction due to the 
increased compaction at the zone of gypsum incorporation (1.5 m deep). However, root 
exploration beyond this compacted layer is possible with mallee eucalypts in south-west 
WA capable of penetrating clayey subsoils (Robinson et al., 2006). Hand augering at 
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the sites found the highest root mass present in the surface 0.25 m, however small 
amounts of roots were present in extracted soil samples at depths of up to 2.75 m. 
Eastham & Morald (2004) also found maximum root densities in the·surface 0.2 m after 
one to two years of revegetation at selected RDAs at Alcoa's Kwinana refinery, 
however over time root distribution extended to 2 m deep, indicating no physical or 
chemical limitations to root growth. Root excavations at the irrigated and unirrigated 
sites would determine if irrigation is inhibiting root development and limiting the 
volume of water accessible to the plants. 
4.2 Plant water relations 
Plant water potentials were measured to determine if soil water deficits on the RDAs 
were causing plant water stress. The results found soil water availability at the irrigated 
and unirrigated sites was sufficient to· maintain relatively high pre-dawn water potentials 
for E. gomphocephala, A. cochlearis and H comptoniana throughout the dry and wet 
periods. Insufficient soil water supply in the dry months between January and March 
resulted in stomatal closure to reduce the transpirational water loss for all species, with 
the first rains in April increasing gsw and E. This indicates that E. gomphocephala, A. 
cochlearis and H comptoniana did experience water stress in response to soil water 
deficit, however the recovery with an increase in soil water availability shows that the 
level of stress was only mild. The results of this study detected no difference in the level 
of water stress experienced by irrigated and unirrigated plants. Comparable results have 
been found by Dye (1996) for Eucalyptus grandis in South Africa, whereby prevention 
of soil water recharge did not result in a decrease in water use, leaf area or PD \}'plant· In 
contrast, lower PD \}'plant has been recorded in Spain for unirrigated Rosmarinus 
officinalis (rosemary) and Lavandula stoechas (lavender) compared to irrigated plants 
(Munne-Bosch et al., 1999), in Israel for unirrigated A. saligna (Nativ et al., 1999) and 
in the south-west of WA for unirrigated E. marginata (Warren et al., 2007). These 
studies also observed lower soil water availability for the unirrigated plants, whereas 
this study found no discernible difference in soil water availability between the irrigated 
and unirrigated sites and therefore it would be expected that plant water stress would be 
similar between treatments. 
Of the three monitored species, the creeper H comptoniana showed the least seasonal 
variation in PD \}'plant at the irrigated and unirrigated RDA sites. Water potentials 
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recorded for this species varied only slightly between pre-dawn and midday and both 
measurements remained relatively high through the dry and wet periods. H 
comptoniana was observed to shed a large portion of its leaves in the dry season with 
some plants left with only a few leaves. This drought adaptive behaviour effectively 
reduces the leaf area exposed to transpirational water loss and allows this species to 
maintain high water potentials at times of low soil water availability. Leaf shedding is 
known to be a drought adaptive behaviour in deciduous species (Larcher, 1995) and has 
been reported by Gindaba eta!., (2004) in a glasshouse experiment for Cordia Africana, 
Croton macrostachyus and Millettia ferruginea. This allowed the deciduous species to 
maintain higher PD and MD \}'plant compared to the evergreen species, E. globulus and 
E. camaldulensis, which retained a higher leaf area and as a consequence experienced a 
larger decline in \}'plant· In contrast, Nardini eta!., (1999); Bombelli & Gratani (2003); 
Mediavilla & Escudero (2003) found deciduous shrub and oak species to have the 
lowest PD \}'plant compared to evergreen shrubs and oaks, which maintained high PD 
\}'plant through strict stomatal control of transpirational water loss. 
The low seasonal variation and high PD \}'plant in summer for H comptoniana and E. 
gomphocephala indicates that these two species probably have a deep rooting system 
capable of reaching a large volume of soil water. However, the rapid establishment of 
new growth in response to increased rainfall indicates that H comptoniana. may also 
have active lateral roots in the shallow soil layers which can quickly utilise surface 
water. In contrast, the high seasonal variation and lower PD \}'plant for A. cochlearis 
indicate that this species probably has a shallower rooting system, reliant upon summer 
precipitation recharging the surface soil layers. However, summer water stress is not 
always inversely related to rooting depth as found by Dodd & Bell (1993a) for 
understorey species in a Banksia woodland of W A. Ander sonia heterophylla and 
Hemiandra pungens had shallow rooting depths but were still able to maintain 
seasonally high \}'plant and the deep rooted Melaleuca scabra and M seriata exhibited 
low \}'plant· As soil water availability remains low in the surface 1m in January and 
March, hydraulic lift from tap roots of deep soil water is most likely providing water to 
the surface for shallow rooted species (Dawson & Pate, 1996; Burgess, 1998). Due to 
insufficient sampling at depth in January and March, it is not known if deeper rooting 
systems will have access to a greater volume of soil water at the RDAs. However, it 
appears that due to low water availability in the surface soil layers over the dry period, 
the soil water required by these plants to maintain high water potentials in summer is 
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supplied from depths greater than the 1 m sampled in this study. This indicates that the 
rooting systems of plants growing on the RDAs is deeper than initially suspected, 
allowing them to persist during drought conditions, irrespective of irrigation. 
Leaf gas exchange was measured in this study to identify any differences in the water 
use behaviours of irrigated and unirrigated plants growing on the RDAs. Stomatal 
conductance and transpiration was lowest for all species in the dry period (January and 
March) with an increase in April through to July due to consistent rainfall and lower 
VPD. High seasonal variation in gsw and E for E. gomphocephala, A. cochlearis and H 
comptoniana indicates that the plants are relying on soil stored water, which varies with 
soil depth and is subject to large fluctuations of water availability dependent upon 
rainfall. The unirrigated plants generally had lower rates of gsw and E and higher MD 
\f'plant, indicating higher water use efficiency than the irrigated plants. This pattern was 
more pronounced in March, with the unirrigated plants of all three species having a 
higher MD \f' plant, possibly reflecting in part the higher soil water availability at depth at 
the unirrigated site of Block 2. Water use efficiency continued to prevail beyond the dry 
period, possibly due to the differences in biomass observed at the irrigated and 
unirrigated sites. The greater leaf area of irrigated plants increases the area available for 
transpirational water loss and can lead to a lower \f' plant· Greater water use efficiency in 
unirrigated plants in the field has previously been recorded by Nativ et al., (1999) for A. 
saligna in the Negev desert in Israel, Tognetti et al., (2005) for olive trees (Olea 
europaea) in Southern Italy and by Warren et al., (2007) for unirrigated E. marginata in 
the south-west of Western Australia. 
Diurnalgswfor all species at the irrigated and unirrigated RDA sites was highest at mid-
morning and midday, with a gradual decline over the afternoon as VPD increased. 
These diurnal trends are comparable to other field studies of Meditteranean species 
(Colquhoun et al., 1984; Pereira et al., 1987; Dodd & Bell, 1993a; David et al., 1997; 
Bombelli & Gratani, 2003; Llorens et al., 2003) and in contrast to canopy Banksia 
species behaving as phreatophytes (Dodd & Bell, 1993b). It is expected that gsw and E 
for the plants growing on the RDAs would not behave similarly to phreatophytic 
vegetation as the plastic lined RDAs prevent access to a water table. However it is 
possible that sufficient deep drainage could promote the accumulation of water and 
develop a saturated layer which may continually supply water to deep rooted plants. 
Although, this· is unlikely to be occurring as \f' plant, gsw and E for E. gomphocephala, A. 
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cochlearis and H comptoniana was found to vary seasonally as a result of fluctuating 
soil water availability. Thus the plants growing on the RDAs behave similar to native 
shallow, medium and deep rooted plants which do not reach the capillary fringe of a 
water table. 
Diurnal stomatal conductance was highest at mid-morning/midday and declined in the 
afternoon for both the irrigated and unirrigated plants, supporting Tognetti et al., (2005) 
who reported the same diurnal stomatal conductance patterns for irrigated and 
unirrigated olive trees. In contrast, Nativ et al., (1999) found g5w of irrigated A. saligna 
plants increased in the morning and declined in the afternoon, whereas unirrigated 
plants declined in the morning and remained stable throughout the afternoon. Nativ et 
al., (1999) also reported lower soil water content at the unirrigated site, whereas in this 
study no difference in soil water content was detected between the irrigated and 
unirrigated sites and therefore it would be expected that the trend in g5w would be 
similar between treatments. 
The daily pattern of g5w changed in June, whereby stomatal conductance peaked in the 
morning and declined at midday, then remained constant through the afternoon. This 
change in diurnal g5w from the dry to wet period is consistent with White et al., (2000) 
for various Eucalyptus species. However, the cloudy sampling day most likely 
influenced gas exchange measurements with the VPD not increasing until midday, 
effectively reducing evaporative demand in the morning and allowing stomata to fully 
open. It is possible that this pattern in stomatal conductance was not entirely a result of 
weather conditions as the same pattern was observed in July when VPD continually 
increased over the day. White et al., (2000) found daily g5w to be a linear function ofPD 
'f'ptant in E. camaldulensis, E. saligna, E. leucoxylon and E. platypus, however Nativ et 
al., (1999) argue that lower VPD increases E which leads to a decrease in 'f'ptant and 
finally a reduction in g5w. This could further explain the peak in g5w and E in the 
morning in June and July when VPD was lower in comparison to April. High rates of 
transpirational water losses in the morning may have caused a reduction in 'f' plant. 
resulting in the gradual decline in gsw· Increases in leaf temperature and solar radiation 
may also play a role in reducing leaf gas exchange (Matos, et al., 1998). 
Diurnal g5w and E in April through to July was always highest for H comptoniana, 
possibly a result of the large biomass of new growth in response to increased rainfall. In 
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comparison E. gomphocephala and A. cochlearis retained primarily adult leaves and 
only began producing small masses of new growth in July. Greater biomass of H 
comptoniana increased the leaf area and most likely lead to a greater increase in gsw and 
E. The primarily juvenile leaves of the new growth on H comptoniana may also 
account for the higher rate of g5w compared to the adult leaves of E. gomphocephala and 
A. cochlearis. The juvenile leaves of Q. ilex ssp. ballota and Q. suber have been 
reported to have a higher g5w than adult leaves (Mediavilla & Escudero, 2003), with 
photosynthesis decreasing with leaf age in Prunus amygdalus (Matos et al., 1998). Low 
g5w and E during the dry period was sufficient to maintain high PD \f' plant for H 
comptoniana, suggesting that like Q. faginea and Q. pyrenaica, this species is able to 
better supply water to their foliage compared to E. gomphocephala and A. cochlearis 
(Mediavilla & Escudero, 2003). 
High pre-dawn plant water potentials and strict stomatal regulation of transpiration 
during summer for E. gomphocephala and H comptoniana infer a deep rooting system 
for these two species, comparable to Adenanthos cygnorum in a Banksia woodland in 
WA (Dodd & Bell, 1993a). Anisohydric behaviour has been identified in E. matginata, 
with strong stomatal regulation insufficient to maintain stable plant water potentials 
throughout the wet and dry period (Warren et al., 2007). However, Franks et al., (2007) 
suggested that the ability of E. gomphocephala to control stomatal regulation whilst 
allowing \f'plant to fluctuate seasonally was a form of quasi-isohydry, which they term 
isohydrodynamic. E. gomphocephala behaved similarly to other Eucalypt species in the 
field (Colquhoun eta!., 1984; David et al., 1997; White et al., 2000), however low gsw 
throughout the dry period suggest that these plants may not have access to a continuing 
supply of water to sustain tra..11spiration throughout summer. Dodd & Bell (1993a, b); 
Veneklaas & Poot (2003) observed a less pronounced decrease in stomatal conductance 
in deep rooted species in a Banksia woodland due to their ability to access water in deep 
soil layers and even the capillary fringe. However, the RDAs are capped with a plastic 
liner, inhibiting root distribution and access to groundwater, resulting in large seasonal 
fluctuations in g5w and E. 
The remaining leaves of H comptoniana were observed to change their orientation at 
midday in January and March to avoid direct sunlight at the time of greatest evaporative 
demand. Leafmovements to adjust radiation load, moderate leaf temperature and affect 
photosynthesis and transpiration are known as heliotropic leaf movements (Nilsen & 
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Orcutt, 1996). Diaheliotropic leaves move during the day to keep a perpendicular angle 
to the sun's rays, whereas paraheliotropic leaves move to minimise radiation absorption 
over the whole day (Nilsen & Orcutt, 1996). Paraheliotropism is common among plants 
growing in arid environments (Nilsen & Orcutt, 1996) and legume species (Mooney & 
Ehleringer, 1997) and may be advantageous since it reduces leaf temperature whilst still 
allowing the stomata to remain closed to retain water when VPD is high (Nilsen & 
Orcutt, 1996; Mooney & Ehleringer, 1997; Leidi, 2002). Paraheliotropism appeared to 
allow H comptoniana to control leaf temperature in summer when VPD was high 
without losing water through transpiration, as has been shown in two other legumes, 
Pachyrhizus ahipa (Leidi, 2002) and M ferruginea (Gindaba et al., 2004). 
4. 4 Comparison of the RDAs with a native site 
Yalgorup National Park was used as a reference site in this study to determine if the 
mature native site is an appropriate long-term goal for the revegetated RDAs. Lower 
soil water availability to 2.75 m deep throughout the dry and wet season at Yalgorup 
compared to the RDA sites may be a result of denser vegetation and greater leaf area 
increasing competition and extraction of soil water. Drier surface soil layers at Yalgorup 
may have encouraged root distribution to depth where soil water is potentially more 
freely available. Higher water availability at the RDAs does not require roots to develop 
deeply as sufficient water is available in the surface layers once rainfall begins. 
Robinson et al., (2006) found that plants establishing in drier soil conditions may 
compensate through further lateral root expansion. Deep rooting systems would enable 
access to deeper water sources, including the capillary fringe of the water table and 
therefore allow the plants at Y algorup to reduce seasonal variation in 'f' plant. gsw and E. A 
notable difference between the RDAs and Yalgorup lies in the presence of a water table 
at Y algorup, allowing deep rooted species to access the capillary fringe of the water 
table and potentially maintain transpiration throughout the dry period. In contrast, the 
RDAs are artificially capped with a plastic liner, preventing any potentially deep rooted 
species from reaching the water table and forcing all plants to rely on fluctuating soil 
stored water throughout the year. As a result, lower seasonal variability was observed in 
gsw and Eat Yalgor'up compared to the RDAs. 
Potentially deeper roots and relatively low soil water availability at Y algorup is most 
likely enhancing the water us.e efficiency of E. gomphocephala, A. cochlearis and H 
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comptoniana, with all species exhibiting lower diurnal and maximum gsw and E 
throughout the study period compared to the RDA sites. Whilst reduced gsw was still 
evident in the dry months of January and March, a less marked increase was apparent 
with the first rains, as seen for the plants at the RDA sites. Seasonally constant gsw and 
E indicate that the plants have access to a continual water supply and are less reliant on 
fluctuating soil stored water, especially in the dry months of January and March 
(Colquhoun et al., 1984; Dodd & Bell, 1993a, b; Dawson & Pate, 1996; Veneklass & 
Poot, 2003). Lower soil water availability at Yalgorup is most likely causing lower PD 
~plant for E. gomphocephala, A. cochlearis and H comptoniana at Y algorup compared 
to the RDA sites, consistent with other Mediterranean plants growing in areas with a 
high soil water deficit (Dye, 1996; Munne-Bosch et al., 1999; Nativ et al., 1999; 
Tognetti et al., 2005). However the difference in PD ~plant between Yalgorup and the 
RDA sites was relatively small and never lower by more than -0.1 MPa. Year round 
reductions in transpirational water losses and access to deep water sources are most 
likely allowing the plants at Y algorup to maintain high ~plant. comparable to the RDA 
sites. 
The different ages of the vegetation between the two areas is likely to be significantly 
contributing to the differences observed in the plant water relations of E. 
gomphocephala, A. cochlearis and H comptoniana. The plants at Yalgorup have been 
established for a longer period of time compared to the two year old plants at the RDA 
sites, thus denser vegetation cover at Y algorup is most likely using more water than the 
younger and sparser vegetation at the RDAs. Dye (1996) found 9 yr old E. grandis trees 
to have a lower PD ~plant compared to 3 yr old trees growing in the same area. Seasonal 
variation in daily gsw and E was less pronounced at Y algorup, indicating that the native 
plants have had sufficient time for root development to depth and therefore are able to 
extract water from deeper sources when surface soil water is limiting. On the other 
hand, the plants growing on the RDAs have had less time for root growth and may be 
limited in the volume of soil they are capable of exploiting. The rooting system of older 
E. grandis trees have been observed to extend to depths >8 m and potentially as deep as 
28 m, whilst younger tree roots are limited to 2-8 m deep (Dye, 1996). Various mallee 
eucalypts are also capable of exploiting soil water to depths of 8-10 m within seven 
years of growth (Robinson et al., 2006). 
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The major differences in soil physical and chemical characteristics between Yalgorup 
and the RDA sites make it difficult to compare the plant water relations between the two 
areas. The soil at Yalgorup is more acidic, has a lower conductivity, is dominated by 
finer soil particles and most importantly, has much lower water availability. The plants 
have also been established for a longer period of time, with most likely a more extensive 
rooting depth than the two year old vegetation at the RDA sites. Therefore no direct 
comparisons can be made in this study between the artificial RDAs and the native sites 
within Yalgorup National Park. However, this mature native system could be used as 
part of a long-term management goal for Alcoa's RDAs. It has been recognised that 
native sites should be used to select species with the most likely chance of survival at 
the RDAs. In order to achieve this, a native site which is functionally similar to the 
RDAs must be identified. Based on this plant water relations study, it appears that 
suitable species have been selected to revegetate the RDAs with the plants growing and 
functioning appropriately. 
4. 5 Management implications 
This study highlights the need for further investigations on the effect irrigation is having 
on root development and long-term survival of plants growing on the RDAs. Irrigation 
was not found to increase the soil water availability at the irrigated RDA sites compared 
to the unirrigated sites. Thus continued irrigation of revegetation through the dry period 
does not appear to be contributing to deep drainage and potential contamination of 
groundwater below Alcoa's RDAs at Pinjarra. With further sampling at depth, it is 
possible that greater water availability may be identified deeper in the profile due to low 
water holding capacity and rapid drainage in the shallow soil horizons of the RDAs. A 
major limitation of this study is the lack of data off the toot distributions of the 
monitored plants. This would help to explain the differences observed in the water use 
patterns between species and also the differences between irrigated and unirrigated 
plants. Alcoa is currently carrying out root excavation studies to explore the effect 
irrigation has on the root distributions of vegetation growing on the RDAs. 
Whilst this study shows no significant difference in soil water availability between 
irrigated and unirrigated sites, it is possible that greater water use of irrigated plants is 
masking the difference between treatments. In order to detect any real differences in soil 
water availability as a result of irrigation, soil moisture logging on a regular basis would 
be more appropriate than seasonal sampling carried out in this study. Regular 
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monitoring of changes in soil water content will determine if irrigated plants are 
actually taking up greater amounts of water at a faster rate. The fact that irrigated plants 
have a higher stomatal conductance and greater transpiration rates during the wet period 
could be attributed to a greater amount of water for them to extract. Root growth will 
not be encouraged deep within the profile if the plants are able to satisfy their water 
demands in the top 1.5 m. These shallow rooted plants will then have limited access to 
soil water, especially in the dry months, when irrigation ceases. 
Irrigation appears to play an important role in the rapid establishment of dense biomass 
within two years of plant growth on the RDAs, however it has not been found to affect 
the level of water stress experienced by the seedlings. Whilst no consistent difference in 
plant water potential, stomatal conductance and transpiration were found between 
irrigated and unirrigated plants . of E. gomphocephala, A. cochlearis and H 
comptoniana, it appears that at times of high soil water availability, irrigated plants use 
more water than unirrigated plants. Greater water use of irrigated plants may be 
removing the additional water inputs from the soil profile and minimising deep 
drainage. However, this is not to say that unirrigated plants allow deep drainage to 
occur, in fact they appear to be removing water from the soil profile just as efficiently as 
irrigated plants, as reflected by the comparable soil water content at the unirrigated and 
irrigated sites. 
This study identified the same mild level of water stress for irrigated and unirrigated 
plants, indicating that irrigation is not contributing to the survival of plants establishing 
at the RDAs. Irrigation only appears to be increasing plant biomass during the seedling 
establishmenLphase and therefore increasing plant water use, however this may be a 
great disadvantage when the plants are forced to withstand natural summer drought 
conditions. Denser stands establishing on the RDAs with high water use behaviours 
may not be sustainable at times of low soil water availability. Thus irrigation may 
reduce the ability of vegetation growing on the RDAs to minimise deep drainage and 
prevent groundwater contamination from occurring in the long-term. 
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Appendix la. Mean(± SE, n=3) soil pH (CaCh) at the three irrigated and unirrigated 
RDA sites to 3m deep and Yalgorup to a depth of 2.75 min a) January b) April c) July 
March/early April b) June. 
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Appendix lb. Mean (± SE, n=3) soil electrical conductivity (1-.lS/cm) at the three 
irrigated and unirrigated RDA sites to 3m deep and Yalgorup to a depth of 2.75 min a) 
January b) April and c) July. 
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Appendix 2a. One-way ANOV A results comparing treatment differences in soil pH 
(CaC12), electrical conductivity (EC), soil water potential (\}'soil) and gravimetric water 
content (SWC) at 0.25m depth ranges in the five sampling periods. Values highlighted 
in bold signifies a significant difference and values assigned ns signifies no significant 
difference. * ln transformation performed, ** reciprocal transformation performed, *** ln 
reflection transformation performed, **** ~ reflection transformation performed. 
Parameter Sample Soil depth range (m) df F Sig. 
I!eriod 
pH (CaCh) Jan 0-0.25 1,5 0.507 0.516 ns 
o.25-o.5*** 1,5 0.470 0.531 ns 
0.5-0.75 1,5 0.192 0.684 ns 
0.75-1.0 1,5 1.877 0.243 ns 
Mar 0-0.25 1,5 1.430 0.298 ns 
0.5-0.75 1,5 0.592 0.485 ns 
0.75-1.0 1,5 0.003 0.960 ns 
Apr 0-0.25 1,5 0.102 0.765 ns 
0.25-0.5 1,5 6.311 0.066 ns 
0.5-0.75 1,5 3.608 0.130 ns 
0.75'-1.0 1,5 1.475 0.291 ns 
Jun 0-0.25 1,5 0.026 0.880 ns 
0.25-0.5 1,5 0.978 0.379 ns 
0.5-0.75**** 1,5 1.704 0.262 ns 
0.75-1.0 1,5 0.034 0.863 ns 
1.25-1.5 1,5 5.483 0.079 ns 
July 0-0.25 1,5 0.006 0.944 ns 
0.25-0.5 1,5 0.103 0.764 ns 
0.5-0.75 1,5 0.007 0.939 ns 
0.75-1.0 1,5 0.108 0.759 ns 
1-1.25 1,5 1.836 0.247 ns 
1.25-1.5 1,5 7.584 0.051 ns 
1.5-1.75 1,5 0.009 0.930 ns 
1.75-2.0 1,5 2.901 0.164 ns 
2.0-2.25 1,5 1.319 0.315ns 
2.25-2.5 1,5 0.331 0.596 ns 
2.5-2.75 1,5 6.719 0.061 ns 
EC(f.!S/cm) Jan 0-0.25 1,5 1.109 0.352 ns 
* 1,5 0.391 0.566 ns 0.25-0.5 
0.5-0.75 1,5 0.541 0.503 ns 
0.75-1.0 1,5 0.201 0.677 ns 
Mar 0-0.25* 1,5 0.220 0.664 ns 
0.25-0.5 1,5 0.017 0.902 ns 
0.5-0.75 1,5 6.063 0.070 ns 
0.75-1.0 1,5 0.295 0.616 ns 
Apr 0-0.25 1,5 0.126 0.741 ns 
0.25-0.5 1,5 5.808 0.074 ns 
0.5-0.75 1,5 0.957 0.383 ns 
0.75-1.0 1,5 0.023 0.886 ns 
Jun 0-0.25 1,5 0.814 0.418 ns 
0.25-0.5 1,5 4.695 0.096 ns 
0.5-0.75** 1,5 4.453 0.102 ns 
0.75-1.0 1,5 0.145 0.722 ns 
73 
1.25-1.5* 1,5 12.256 0.025 
Jul 0-0.25* 1,5 0.218 0.665 ns 
0.25-0.5 1,5 0.598 0.482 ns 
0.5-0.75 1,5 0.136 0.731 ns · 
0.75-1.0 * 1,5 0.393 0.565 ns 
1-1.25* 1,5 1.028 0.368 ns 
1.25-1.5** 1,5 0.683 0.455 ns 
1.5-1.75 1,5 0.007 0.938 ns 
1.75-2.0 1,5 0.619 0.475 ns 
2-2.25 1,5 0.194 0.683 ns 
2.25-2.5 1,5 0.639 0.469 ns 
2.75-3.o** 1,5 1.060 0.361 ns 
SWC(%) Jan 0.25-0.5 1,5 0.784 0.426 ns 
0.5-0.75** 1,5 0.661 0.462 ns 
o.75-l.o** 1,5 0.1.12 0.754 ns 
Mar 0-0.25 1,5 7.192 0.055 ns 
0.25-0.5 1,5 0.068 0.807 ns 
0.5-0.75 1,5 1.816 0.249 ns 
0.75-1.0 * 1,5 0.852 0.408 ns 
Apr 0-0.25 1,5 1.327 0.314 ns 
0.25-0.5 1,5 3.083 0.154 ns 
0.5-0.75** 1,5 3.603 0.131 ns 
0.75-1.0 1,5 2.539 0.186 ns 
Jun 0-0.25 1,5 3.243 0.146 ns 
0.25-0.5 1,5 0.032 0.868 ns 
0.5-0.75 1,5 1.271 0.323 ns 
0.75-1.0 1,5 0.384 0.569 ns 
1.25-1.5 1,5 3.661 0.128 ns 
Jul 0-0.25 1,5 0.965 0.382 ns 
0.25-0.5 1,5 3.105 0.153 ns 
0.5-0.75 1,5 0.258 0.638 ns 
0.75-1.0 1,5 0.642 0.468 ns 
1.0-1.25 1,5 5.140 0.086 ns 
1.25-1.5 1,5 5.114 0.087 ns 
1.5-1.75 1,5 2.317 0.203 ns 
1.75-2.0 1,5 1.685 0.264 ns 
2-2.25 1,5 0.200 0.678 ns 
2.25-2.5 * 1,5 0.802 0.421 ns 
2.5-2.75** 1,5 1.099 0.354 ns 
2.75-3.o** 1,5 1.204 0.334 ns 
'l'soil (MPa) Jan 0-0.25 1,5 0.815 0.418 ns 
0.25-0.5 1,5 0.024 0.883 ns 
0.5-0.75 1,5 0.016 0.907 ns 
0.75-1.0 1,5 0.327 0.598 ns 
Mar 0-0.25* 1,5 0.067 0.808 ns 
0.25-0.5 1,5 0.256 0.640 ns 
0.5-0.75 1,5 1.788 0.252 ns 
0.75-1.0 1,5 0.385 0.568 ns 
Apr 0-0.25 1,5 0.157 0.712 ns 
* 1,5 2.173 0.214 ns . 0.25-0.5 
0.5-0.75 1,5 7.957 0.048 
. 0.75-1.0 1,5 8.849 0.041 
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Jun 0-0.25 1,5 3.903 0.119 ns 
0.25-0.5 1,5 2.531 0.187 ns 
0.5-0.75 1,5 1.917 0.238 ns 
0.75-1.0 1,5 1.280 0.321 ns 
1.25-1.5 * 1,5 9.269 0.038 
Jul 0-0.25 1,5 2.882 0.165 ns 
0.25-0.5 1,5 0.000 1.000 ns 
0.5-0.75 1,5 0.323 0.600 ns 
0.75-1.0 * 1,5 0.993 0.375 ns 
1-1.25 1,5 0.124 0.743 ns 
1.25-1.5 1,5 0.175 0.697 ns 
1.5-1.75 1,5 0.148 0.720 ns 
1.75-2.0 1,5 0.760 0.432 ns 
2-2.25 1,5 0.169 0.702 ns 
2.25-2.5 1,5 0.068 0.807 ns 
2.5-2.75 * 1,5 0.056 0.825 ns 
2.75-3.o** 1,5 1.626 0.271 ns 
Appendix 2b. Non-parametric Mann-Whitney U results comparing treatment 
differences in soil pH (CaC12), electrical conductivity (EC) and gravimetric water 
content (SWC) at 0.25m depth ranges in three of the five sampling periods. Values 
assigned ns signifies no significant difference. 
Parameter Sample period Soil depth range (m) Sig. 
pH (CaCh) Mar 0.25-0.5 0.184 ns 
Jul 2.75-3.0 0.513 ns 
EC (J.LS/cm) Jul 2.5-2.75 0.513 ns 
swc (%) Jan 0-0.25 0.513 ns 
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Appendix 3. One-way ANOV A results comparing differences between treatment in the 
foliar nutrient composition of total nitrogen (N), phosphorous (P), potassium (K), 
sulphur (S), sodium (Na), calcium (Ca) and magnesium (Mg) for E. gomphocephala, A. 
cochlearis and H comptoniana. Values assigned ns signifies no significant difference. * 
reciprocal transformation performed. 
Species Nutrient df F Sig. 
E. gomphocephala N 1,5 0.133 0.734 ns 
p* 1,5 0.151 0.717 ns 
K 1,5 0.786 0.425 ns 
s 1,5 3.030 0.157 ns 
Na 1,5 0.023 0.888 ns 
Ca 1,5 1.702 0.262 ns 
Mg 1,5 0.764 0.432 ns 
A. cochlearis N 1,5 0.576 0.490 ns 
p 1,5 1.204 0.334 ns 
K 1,5 0.004 0.953 ns 
s 1,5 0.596 0.483 ns 
Na 1,5 1.418 0.300 ns 
Ca 1,5 0.006 0:941 ns 
Mg* 1,5 0.431 0.548 ns 
H. comptoniana N 1,5 1.608 0.274 ns 
p 1,5 0.084 0.787 ns 
K 1,5 0.814 0.418 ns 
s 1,5 0.18 0.693 ns 
Na* 1,5 4.863 0.092 ns 
Ca 1,5 0.503 0.518 ns 
Mg 1,5 2.690 0.176ns 
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